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BACKGROUND 


In December 1989, an independent contractor for the U.S. 
Department of Transportation (DOT) completed its year long study 
of the air quality in airliner cabins. The purpose of this work 
was to develop information on exposure to various pollutants that 
were suspected of representing a health risk for airliner cabin 
occupants. These pollutants included tobacco smoke, carbon 
dioxide, microbial aerosols, ozone, and cosmic radiation. The 
study was conducted during the period when smoking was banned on 
scheduled commercial flights having durations of two hours or 
less, pursuant to Public Law 100-202, and preceded passage of 
Public Law 101-164, which bans smoking on practically all 
scheduled domestic flights. Geomet Technologies, Inc., of 
Germantown MD, performed the study for the Department. 

MEASUREMENT 


Overall Procedure - in order to assure that the conditions sampled 
were fully representative of the In-flight conditions that the 
public actually experiences, yet not cause undue alarm to 
passengers, measurements were taken using small, unobtrusive 
instruments, packaged in compact carry-on bags—of the type 
typically carried because they can be stowed under airliner seats. 
Technicians booked passage as ordinary revenue passengers on a 
total of 92 flights between April and June of 1989; 23 nonsmoking 

and 69 smoking flights, including eight on international routes. 
Flights were selected randomly out of the schedule for all flights 
between the nation's 70 largest airports, in such a way as to be 
statistically representative of the airlines, types of aircraft, 
flight durations, and times-of-day for departures. 

On smoking flights, four technicians were positioned in coach, one 
each in the smoking section, the no-smoking boundary region (the 
three nonsmoking rows nearest the smoking section), the middle of 
the no-smoking section, and the part of the no-smoking section 
that was the most remote from the smoking section. On nonsmoking 
flights, technicians were placed at two locations, the middle and 
the rear of the plane* The instrument package was typically 
placed on the technician's lap or lap tray to obtain measurements 
of contaminants most representative of passenger breathing levels. 

Measurement of Smoking Bv-products - There are literally hundreds 
of by-products left in the air after smoking, in the form of gases 
and suspended particles, which are collectively termed environ¬ 
mental tobacco smoke (ETS) . To establish the levels of ETS in 
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airliner cabins, three of these by-products were sampled; 
nicotine and carbon monoxide in their gaseous form, and respirable 
suspended particles (RSP). RSP was measured using two different 
types of instruments—optical, and gravimetric—of which the 
optical is more accurate when concentrations are low. In the case 
of RSP, because the instruments measure suspended particles from 
all sources, including sources other than ETS, it was necessary to 
use RSP levels measured on non-smoking flights to establish a base 
line from which to compare the higher levels attained when smoking 
was permitted. Counts of people smoking and of cigarette butts 
left in ashtrays were also maintained concurrently. 

Other Measurements - Levels of carbon dioxide (CDj) and ozone were 
measured throughout the flight. Temperature, relative humidity, 
and cabin air pressure were also monitored. There was no need to 
sample cosmic radiation, since there are already well-based 
methods for forecasting its levels (risk analyses were conducted, 
however, and are described below). Samples of microbial aerosols 
(bacteria and fungi) were taken near the end of each flight, prior 
to descent, and later analyzed. 

FINDINGS 

Environmental Tobacco Smoke - The findings regarding levels of ETS 
contaminants are summarized in Exhibit 1. It may be seen that 
concentrations of RSP were highest in the smoking section, 
averaging near 175 micrograms per cubic meter (pg/m3) compared to 
a background level of 35 to 40 pg/ni3 on nonsmoking flights. The 
differences between the no-smoking sections of aircraft where 
smoking was allowed versus nonsmoking flights were small, except 
that levels of smoke in the boundary section were found to be 
about 35 to 50% higher than levels on nonsmoking flights. It may 
be seen that this migration of ETS contaminants into the boundary 
region was even more pronounced when considered in terms of one- 
minute peak RSP concentrations. Measured nicotine levels also 
show some penetration but are less conclusive because the levels 
of nicotine were frequently too low to be measured by the 
miniaturized instruments used. 

Carbon Dioxide - The relatively high CO 2 levels found are 
indicated in Exhibit 2. On 87 percent of the flights they 
averaged over 1,500 parts per million (ppm), substantially higher 
than the 1,000 ppm level that the American Society of Heating, 
Refrigerating and Air Conditioning Engineers (ASHRAE) associates 
with satisfaction or comfort. 

Ozone. - Ozone levels were relatively low--an order of magnitude 
below the FAA three-hour standard of 0.10 ppm and never exceeded 
this level. 

Micr obial Aerosols - Measured bacteria and fungi levels were in 
all cases below the levels generally thought to pose a risk of 
illness. 
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RISK ASSESSMENT 

BTS - Estimates of lifetime lung cancer risk for nonsmoking flight 
attendants and passengers were developed by applying the measured 
RSP concentrations to well-known health-effects models from the 
scientific literature. Two such models were used, one which 
assumes that risk is linearly related to exposure (phenomeno¬ 
logical model) and one which assumes that the development of 
cancer occurs in stages, and takes into account the age at which 
exposure begins (multistage modelJ. 

To translate the results of these models into cancer risk, it was 
necessary to make certain assumptions about the numbers of hours 
flown ^ passengers and crew, and the duration of their careers. 

For flight attendants a typical career was assumed to start at age 
25 and consist of 960 hours per year for 20 years, in airliner 
cabins where smoking was permitted. A frequent flying business 
passenger was assumed to fly for 480 hours per year for 3C years, 
starting at age 35. 

Resultant estimates of lifetime lung cancer risk (i.e. , premature 
deaths per 100,000 persons at risk) for nonsmokers exposed to ETS 
are summarized in Exhibit 3. The estimated risks were highest for 
cabin crew members, who fly more frequently, spend a larger 
fraction of their time in the smoking section, and because of 
their physical activity, exhibit a higher respiratory rate than 
nonsmoking passengers. Estimates from the two models were quite 
consistent except in the case of business passengers; for this 
group, the assumption that frequent flying begins at a later age 
resulted in lower estimates using the multistage model. 

As may be seen in Exhibit 3, estimated lifetime lung cancer risks 
for nonsmoking cabin crew members ascribable to ETS exposure 
ranges from 12 to 17 premature deaths per 100,000 individuals. 

Were smoking unrestricted, 14 premature deaths due to cancer would 
be expected over the 85,000 flight attendant population. The 
forth-coming Congressional ban, however, has ruled out smoking on 
over 99S of the domestic flights and 92% of all flights by U-S. 
carriers (including international), which reduces this risk to 
about 3 to 4 premature deaths over 20 years. Risk for nonsmoking 
frequent fliers is about 1/10 of these magnitudes, and for casual 
passengers is slight. 

Cosmic Radiation - Exposure to cosmic radiation depends on the 
altitude and latitude of each flight taken; data defining this 
exposure has been widely published. The estimated lifetime cancer 
risks for a set of typical flights may be seen in Exhibit 4. Risk 
for cabin crew members range from 90 to over 1,000 premature 
deaths due to cancer per 100,000 individuals flying for 20 .years 
on domestic flights and from 220 to over 500 premature deaths per 
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100,000 individuals flying for 10 years on Internationa] flights. 
Comparable figures for passengers flying 480 hours per year range 
from 45 to over 500 premature deaths for flying 20 years on 
domestic flights and from 110 to over 250 deaths for flying 10 
yeara on international flights. In addition, there is particular 
risk to the unborn—fetal exposure during weeks 2-26 of gestation 
substantially elevates the risk of abnormalities or retardation, 

Conclusions ~ Of the contaminants studied, only the levels of ETS 
and cosmic radiation were sufficient to pose a health hazard and 
this hazard was principally contined to cabin crew and very 
frequent flyers. The other pollutants pose no health problem 
although levels of 002 ^ a by-product of respiration, exceed 
comfort criteria. 

MITIGATION MEASURES 

With regard to mitigation of ETS, procedural options such as 
restriction of smoking and technological options such as increased 
ventilation were assessed. Of these options, a total ban on 
smoking was estimated to provide the greatest benefit at least 
cost (this has essentially been realized for domestic flights with 
passage of P.L. 101-164). 

Exposure management strategies are considered the only viable 
option for reducing exposures of cabin crewmembers and passengers 
to cosmic radiation. This would involve careful scheduling o£ 
personnel to avoid persistent exposure to higher cosmic radiation 
levels generally associated with high-altitude flights and flight 
paths crossing extreme northern or southern latitudes. 

Strategies to reduce CO 2 could include removal by sorption, or 
increased ventilation, the latter involving some fuel penalty. 
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EXHIBIT 1. AVERAGE COHCEHTRATIONS Of ETS CONTAMINANTS ON SMOKING AND 
NONSMOKING FLIGHTS 


SMOking Flights' 


Snoklng 

Section Ho-sMoklng Section Nonsmoking Flights 


Parameter 


Boundary 

Rows 

Middle 

Rows 

Remote 

Rows 

Rear 

Rows 

Middle 

Rows 

Particle-Phase Measurements 

Average RSP*. pg/m^ 

175.B 

53.6 

30-7 

35.0 

34 6 

40-0 

Peak RSP* (1 minute), pg/m^ 

863.4 

211.8 

68.7 

69.6 


Gas-Phase Measurements 

Average Nicotine. pg/aP 

13.43 

0.26 

0.04 

0.05 

0.00 

0.08 

78.3 

Percent Nicotine Samples 

Below Hlnlmui Oatactlon 

4.3 

54.4 

82.6 

66.7 

100.0 

Average CO. ppm* 

1.4 

0.6 

0.7 

0.8 

0.6 

A R 

peak CO (1 minute), ppm 

3.4 

1.4 

1.7 

1.6 

1.3 

0.9 


% overege of 13.7 percent of the pessengers were esslgned to the coach s 4 Mkln 9 section on nnni 
torcN MMfclng flights. «n on mom 

'Average of gravlaetrlc and optical measurement results; micrograms per cubic meter (pg/m3) 

'optical aethM measurements 

'ppm: parts per million 
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exhibit 2. AVERAGE CONCENTRATIONS OF SELECTED POLLUTANTS ON 
SMOKING ANO NONSMOKING FLIGHTS 


Parameter 

Smoking Flights 

Smoking Middle 

Rows Rows 

Nonsmoking 

FIignts 

Average COj, ppm^ 

1562 

1568 

1756 

Percent CO 2 Samples 
i 1.000 ppm 

87.0 

88.1 

87.0 

Average Ozone, ppm 

O.OI 

0.01 

0.02 

Percent Ozone Samples 

2 O.l ppm 

0.0 

0.0 

0.0 

Average Bacteria*, CFU/m^ 

162.7 

131.2 

131.1 

Average Fungi, CFU/m^ 

5.9 

5.0 

9.0 


^ppm: parts ptr minion 

‘CFU/nP: colony forminfl units par cubic mttir 
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EXHIBIT 3. ESTIMATED LIFETIME SISXS OF PREMATURE LUNG CANCEL DEATH 
ASCRIBASLE TO ETS ON SMOKING FLIGHTS PER 100,000 
NONSMOKING CA8IN OCCUPANTS 



Cancer Risk 

per 100,000 

Cabin Occupants 

Type of Flight/ 

Risk Model 

CaOin Crew 
Memfier* 

Business 

Passenger* 

Casual 

Passenger-’ 

Domestic Flights 

Phenomenological Model 

12.06 

0.83 

0.11 

Multistage Mode) 

14.86 

0.27 

0.08 

Internationa) Flights 

Phenomenological Model 

13.46 

0.61 

0.03 

Multistage Modi) 

16.59 

0.20 

0.06 


*AJJumtd to fly 960 hours p$r y*ar for 20 ytirs, stirtlng at agt 25. 
*Assum*d to fly 480 hours ptr year for 30 ytars, starting at agt 35. 
*Assuttiad to fly 48 hours ptr year for 40 yttrs, starting at agt 25. 


/ 
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EXHIBIT 4. ESTIMATED LIFETIME RISKS OF PREMATURE CANCER DEATH 

ASCRIBABLE TO IN-FLIGHT COSMIC RADIATION EXPOSURE PER 
100,000 FLYING CABIN OCCUPANTS 


Cancer Risk per 100,000 Cabin Occupants 


Cabin Crew Members Passengers Flying 

Flying 960 Hours 480 Hours 

Type of Flight/Path Per Year Per Year 


Domestic Flights * 


East-West {s2 hours) 

299 

to 

714 

149 

to 

357 

East-West {>3 hours) 

988 to 1 

.026 

494 

to 

513 

North-South (s2 hours) 

90 

to 

526 

45 

to 

263 

North-South (>3 hours) 



830 



415 

International Flights* 







Long, circumpolar (13 hours) 



512 



256 

Medium, non-clrcumpolar 







(7-9 hours) 

Q> 

to 

484 

194 

to 

242 

Short, non-clrcumpolar 







(S3 hours) 

220 

to 

291 

110 

to 

146 


‘Assuming 20 years of flying. 
‘Assuming 10 years of flying. 
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The purpose of the study, conducted so 1989, was to develop information to be used for 
determining health risks from erposure to environmental tobacco smoke (ETS) and other pollutants 
for airliner occupants. Selected ETS contaminants [nicotine, respirable suspended particles (RSP) 
and carbon monoxide (CO)] as well as ozone (Oj), microbial aerosols, carbon dioxide (CO 2 ) and 
other environinental variables were measured in different parts of airliner cabins for 92 randomly 
selected smoking and nonsmoking flights. 

RSP concentrations averaged 175 ug/m^ in the coach smoking section compared to 
background levels of 35 10 4(lug/m^ on nonsmoking flights. Nicotine levels were 13.4 ug/m^ in 
smoking and below 0.3 ug/m^ in no-smoking sections and on nonsmoking flights. Measured CO 2 
levels averaged 1500 ppm, well above the American Society of Heating, Refrigerating and Air 
Conditioning Engineers' comfort criteria of 1000 ppm. Levels of CO, Oj and microbial aerosols 
were generally quite low. 

Estimated lifetime cancer risks due to ETS exposure were 12 to 16 premature lung cancer 
deaths per iOO.OOO nonsmoking cabin crewmembers and 0,06 to 0.83 deaths per 100,000 nonsmoking 
passengers. Risks from exposure to cosmic radiation were estimated to range from 3 to 60 
premature cancer deaths per 100,000 for cabin Crew and passengers who fly frequently. 

In assessing mitigation strategies, a total or partial ban on smoking provided the greatest 
benefit at least cost. Exposure management was the only viable option for reducing risks due to 
cosmic radiation. For removal of CO 2 , sorption on solid, regenerative adsorbent beds was 
considered to be a method with potential benefits. 
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AIRLINER CABIN AIR QUALITY ; CONTAMINANT MEASURES 
HEALTH RISKS, AND MITIGATION OPTIONS 


ERRATA SHEETS 


THE REPORT CONTAINS AN ERROR THAT SERIOUSLY UNDERSTATES 
ONE ASPECT OF THE HEALTH RISK FROM EXPOSURE TO COSMIC 
RADIATION. BASED UPON DATA FROM OTHER SCIENTIFIC STUDIES, 
INCLUDING THE LATEST DATA PUBLISHED IN JANUARY 1990 BY THE 
NATIONAL ACADEMY OF SCIENCES, THE RATE FOR PREMATURE ADULT 
CANCER DEATHS FROM THIS CAUSE IS APPROXIMATELY 17 TIMES HIGHER 
THAN THAT SHOWN IN THE ORIGINAL VERSION REPORT. 


PLEASE SUBSTITUTE PAGES AS NECESSARY 
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The purpose of the study, conducted in 1989, was to develop infonnatioo to be used for 
determining health risks from exposure to environmental tobacco smoke (ETS) and other pollutants 
for airliner occupants. Selected ETS contaminants (nicotine, respirable suspended particles (RSP) 
and carbon monoxide (CO)] as well as ozone {O 3 ), microbial aerosols, carbon dioxide (CO 2 ) and 
other environmental variables were measured in different parts of airliner cabins for 92 randomly 
selected smoking and nonsmoking flights. 

RSP cooceotrations averaged 175 ug/m^ in the coach smoking section compared to 
background levels of 35 to 4(lug/m^ on nonsmoking flights. Nicotine levels were 13.4 ug/m^ in 
smoking and below 0.3 ug/m^ in no-smoking sections and on nonsmoking flights. Measured CO 2 
levels averaged 1500 ppm. well above the American Society of Heating, Refrigerating and Air 
Conditioning Eagioeers' comfort criteria of 1000 ppm. Levels of CO, O* and microbial aerosols 
were generally quite low. 

Estimated lifetime cancer risks due to ETS exposure were 12 to 16 premature lung cancer 
deaths per 100,000 nonsmoking cabin crewmembers and 0.06 to 0.83 deaths per 100,000 nonsmoking 
passengen. Risks from exposure to cosmic radiation were estimated to range from 45 to 1026 
premature cancer deaths per 100,000 for cabin crew and passengers who fly frequently. 

In assessing mitigation strategies, a total or partial ban on smoking provided the greatest 
benefit at least cost. Exposure management was Che only viable option for reducing risks due to 
cosmic radiatioo. For removal of CO 2 , sorption onrsolid, regenerative adsorbent beds was 
considered to be a method with potential benefits. 
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EXECUTIVE SUMMARY 


In February 1987, the U.S. Department of Transporatlon received 
recommendations from the National Academy of Sciences related to airliner 
cabin air quality. In response to their reconmendation that smoking be 
banned on all commercial domestic flights, the Department Indicated Its 
Intention to conduct a study to quantify pollutant levels In airliner 
cabins and to assess the associated health risks. The study was conducted 
during the period when smoking was banned on scheduled conmerclal flights 
having durations of two hours or less, pursuant to Public Law 100-202.^ 
This report presents methodological aspects and results of that study. 

METHODOLOGY 

The study addressed the broader topic of airliner cabin air 
quality rather than the single Issue of environmental tobacco smoke (ETS). 
The purpose of this work was to develop information to be used for deter¬ 
mining health risks from exposures to ETS for nonsmoking airliner occu¬ 
pants as well as risks from other pollutants of concern for all airliner 
occupants. To meet this primary objective, secondary objectives were 
established to (l) Identify air contaminants and other parameters 
requiring measurement. (2) select appropriate instrumentation, (3) develop 
measurement protocols for collection of data that are representative of 
m-fllght conditions, (4) develop a statistical sampling frame that 
enables representation of commercial flights departing from major U.S. 
airports, (5) collect data on flights chosen for monitoring, (6) analyze 
data to characterize concentration patterns In different types of aircraft 
under different conditions, (7) identify health effects of the chosen con¬ 
taminants and select populations of Interest for developing a risk- 
assessment framework, (8} apply the framework for risk assessment, and (9) 
develop and evaluate options for mitigation of contaminants as required. 


^ All of the work described In this report preceded passage of Public Law 
101-164, which will ban smoking on all scheduled domestic conmerclal 
flights. 
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Pollutants were selected for monitoring that had known or 
suspected sources In the aircraft and could be monitored or sampled in 
airliner cabins with small, unobtrusive Instrumentation. The monitoring 
package configured for the study consisted of Instruments and sensors for 
measurement of time-varying concentrations of contaminants in addition to 
samplers for collection of time-integrated samples. It also Included a 
data acquisition system for recording outputs from the continuous moni¬ 
tors. The Instrument was packaged In a single, compact carry-on bag typi¬ 
cal of that carried by airline passengers. Electromagnetic compatibility 
tests of all monitoring devices were performed by the Federal Aviation 
Administration (FAA) to ensure that they did not Interfere with aircraft 
navigation or communication systems. 

The ETS contaminants monitored during the study were nicotine, 
respirable suspended particles (RSP), and carbon monoxide (CO). Nicotine 
was measured through collection of time-integrated samples and CO was 
measured with portable continuous monitors; RSP was measured both by 
integrated and continuous methods. The other pollutants that were moni¬ 
tored were ozone and microbial aerosols. In addition, carbon dioxide 
(CO 2 ) was monitored, CO 2 and ozone were measured with time-integrated 
samples whereas short-term samples were collected for microbial aerosols 
(bacteria and fungi) near the end of each flight, prior to descent. 
Temperature, relative humidity, and cabin air pressure were monitored con¬ 
tinuously with portable sensors; these measurements were used to further 
characterize the cabin environment and to provide appropriate correction 
factors for the flow rates of punps used for sampling. Air exchange rates 
were measured using constant release and integrated sampling of perfluoro- 
carbon tracers. All aspects of the measurement protocol were pretested on 
four comnerclal flights that were monitored over a three-day period In 
March 1969. 

Monitoring was to be performed by each technician at an assigned 
seat, based on pretest monitoring at a variety of locations, the 
following four locations were chosen for monitoring on smoking flights: 
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(1) coach smoking section; (2) boundary region of the no-smoking section 
within three nonsmoking rows near the coach smoking section; (3) middle of 
the no-smoking section; and (4) remote no-smoking section (i.e., as far as 
possible from coach smoking, usually near the first-class smoking and no- 
smoking sections). Because less substantial variations were expected on 
nonsmoking flights, two locations (middle and rear of the plane) were 
chosen for those flights. ETS contaminants were monitored at all seat 
locations and other pollutants were monitored at half of the locations. 

The instrument package was typically placed on the technician's lap or lap 
tray to obtain measurements of contaminants most representative of 
passenger breathing levels. 

The target sample size for the study was 60 to 120 smoking 
flights on Jet aircraft. Including some International flights. A smaller 
set of 20 to 40 nonsmoking flights was targeted to provide a baseline for 
comparison. The target sample size for nonsmoking flights was smaller 
because fl1ght-to-flIght variations in ETS contaminant levels were 
expected to be lower than for smoking flights. 

A total of 70' airports that collectively accounted for 90 per¬ 
cent of U.S. enplanements during 1987 was used as the sampling frame for 
selection of flights to be monitored. Airports of departure were selected 
for study flights to provide proportional representation of airports asso¬ 
ciated with all smoking and nonsmoking flights scheduled for departure 
during January 1989. based on computer data files supplied by DOT. The 
specific flights to be monitored were chosen by randomly chaining together 
the selected airports of departure, subject to constraints relating to the 
smoking/nonsmcking status of flights. For a typical chain of flights, 
four technicians monitored six smoking flights and then split into two 
teams to monitor five nonsmoking flights. In total. 92 flights were moni¬ 
tored between April and June 1969; 23 nonsmoking flights and 69 smoking 
flights which included eight international flights were monitored. 

The monitored smoking flights proved to be representative with 
respect to airlines, types of aircraft, flight durations, and times of day 
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for departures^ A wide range of smoking rates was observed, ranging from 
as Httle as one cigarette per hour to as much as one cigarette per 
minute. Comparative analyses indicated that smoking rates based on tech¬ 
nician observations agreed very well with rates based on collected 
cigarette butts. An average of 20 cigarettes per hour, or 63 cigarettes 
per flight, was smoked by passengers In the coach smoking section on 
smoking flights that were monitored. 

FINDINGS 

ETS contaminants occur In both the gaseous and particulate 
phases; measurements were made for both phases. Levels of ETS con¬ 
taminants that were measured on smoking and nonsmoking flights are sum- 
marued in Exhibit 1. Based on both gravimetric and optical measurements, 
RSP concentrations were highest In the smoking section, averaging near I75 
micrograms per cubic meter (yg/m3) compared to a background level of 35 to 
40 yg/m^ on nonsmoking flights. Differences across the no-smoking sec¬ 
tions of the aircraft for smoking flights, and differences between these 
no-smoking sections and norsnwking flights, were less pronounced. The 
optical measurement method Indicated some migration of ETS contaminants 
into the no-smoking sections on smoking flights In terms of one-minute 
peak RSP concentrations. 

Observed effects of tobacco smoking, based on gas-phase measure¬ 
ments, were more discernible for nicotine than for CO. Beyond the marked 
Increase In nicotine 1n the smoking section, the boundary region of the 
ho-smoklng section was most affected. Differences between nicotine levels 
for the remaining no-smoklng locations and levels on nonsmoking flights 
were withtn the range of measurement uncertainty, but nicotine levels were 
more often above detection limits In the no-smoking locations of smoking 
flights than on nonsmoking flights. The only discernible effect for CO 
was in the smoking section Itself. CO levels were generally highest 
before aircraft were airborne, both for smoking and nonsmoking flights, 
due to Intrusion of ground-level emissions, 

Measured RSP levels 1n the boundary region were strongly related 
to observed smoking rates (I.e,, higher levels when smoking rates were 
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EXHIBIT U AVERAGE COMCENTRATIONS OF ETS CONTAMINANTS ON SMOKING AND 
NONSMOKING FLIGHTS 



Smoking 

Section 

Smoking Flights' 

No-smoking Section 

Nonsmoking Flights 

Parameter 


Boundary 

Rows 

Middle 

Rows 

Remote 

Rows 

Rear 

Rows 

Middle 

Rows 

Particle-Phase Measurements 

Average RSP*, pg/m^ 

Peak RSP* (1 minute), pg/er* 

175.8 

53.6 

30.7 

35.0 

34.8 

40.0 

883.4 

211.8 

68.7 

69.6 

Gas-Phase Measurements 

Average Nicotine, pg/m^ 

Percent Nicotine Samples 

Below Minimum Detection 

13.43 

0.26 

0.04 

0.05 

0.00 

O.OB 

4.3 

54.4 

82.6 

66.7 

100.0 

70.3 

Average CO, ppm* 

1.4 

0.6 

0.7 

0.8 

0.6 

0 5 

Peak CO (1 minute), ppm 

3.4 

1.4 

1.7 

1.6 

1.3 

0.9 


*An average of 13.7 percent of the passengers were assigned to the coach smoking section on moni¬ 
tored smoking flights. 


’Average of gravimetric and optical measurement results; mlcrograms per cubic meter (pg/m^) 
’optical method measurements 
*ppm: parts per million 
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higher) and to the distance from the coach smoking section (1.e., higher 
levels at shorter distances). Measured levels of nicotine and CO In the 
boundary region did not correlate with smoking rates or distance from the 
smoking section, but measured levels of all ET5 contaminants in the 
smoking section were strongly related to smoking rates. 

Relatively high CO 2 levels were measured, averaging over 1,500 
parts per million (ppm) across all monitored flights (Exhibit 2). 

Measured CO 2 concentrations exceeded 1,000 ppm, the American Society of 
Heating, Refrigerating and Air Conditioning Engineers (ASHRAE) level 
associated with satisfaction of comfort (odor) criteria, on 87 percent of 
the monitored flights. Depending on assumed CO 2 exhalation rates, 
measured levels were es much es twice those predicted by a cabin air 
quality model. Even if the measured levels were to be lowered by half, 
however, CO 2 concentrations would still exceed 1,000 ppm on 24 percent of 
the study flights. 

Monitored ozone levels were relatively low, averaging an order of 
magnitude below the FAA three-hour standard of 0.10 ppm and never 
exceeding this level. Bacteria levels were higher than fungi levels and 
somewhat higher In smoking than nonsmoking sections, but the measured bac¬ 
teria and fungi levels 1n all cases were low, relative to those that have 
been measured In other indoor environments. 

Some difficulties were encountered In measuring air exchange 
rates, particularly for aircraft without recirculation, due to (1) the 
limited number of tracer sources and samplers that could be deployed within 
the constraints of remaining unobtrusive and (2) the lower extent of 
lateral air movement within the airliner cabin. Based on measurement 
results for aircraft with recirculation, there were some indications that 
air exchange rates were higher on smoking than nonsmoking flights, but the 
number of measurements was too limited to allow firm conclusions. 

Relative hunidity levels measured during the study were quite 
low, below 25 percent for about 90 percent of the monitored flights. 
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EXHIBIT 2. AVERAGE CONCENTRATIONS OF SELECTED POLLUTANTS ON 
SMOKING AND NONSMOKING FLIGHTS 



Smoking Flights 



Smoking 

Middle 

Nonsmoking 

Parameter 

Rows 

Rows 

Flights 

Average CO^r ppni* 

1562 

1568 

1756 

Percent CO^ Samples 
i 1,000 ppm 

87.0 

88.1 

87.0 

Average Ozone, ppm 

0.01 

0.01 

0.02 

Percent Ozone Samples 
£0.1 ppm 

0.0 

0.0 

0.0 

Average Bacteria*, CFU/m^ 

162.7 

131.2 

131.1 

Average Fungi, CFU/itP 

5.9 

S.O 

9.0 


*ppm: parts per million 

*CFU/m^; colony forming units per cubic meter 
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Humidity levtls were lower on smoking flights (average of 15.5 percent) 
than on nonsmoking flights (average of 21.5 percent). Temperatures 
averaged near 24 *C (75 'F) for both smoking and nonsmoking flights. 

RISK ASSESSMENT 

Estimates of lifetime lung cancer risk for nonsmoking cabin crew 
members (flight attendants) and nonsmoking passengers were developed by 
combining data on measured RSP concentrations with assumptions concerning 
relative amounts of time spent in different sections of the cabin, 
respiratory rates for each group, and models expressing dose-response 
relationships for cancer. Two dose-response models were used, one with 
risk linearly related to dose (phenomenological model) and one based on 
the multistage theory of carcinogenesis, which takes Into account the age 
at which exposure begins (multistage model). Resultant estimates of life¬ 
time lung cancer risk (I.e., premature deaths per 100,000 persons at risk) 
for nonsmokers exposed to ETS are summarized In Exhibit 3 for crew mem¬ 
bers, business passengers (frequent flyers), and casual passengers. The 
estimated risks were highest for cabin crew members; It was assumed that 
cabin crew members sustain higher exposures due to larger amounts of time 
flying, higher respiratory rates and more time spent in the smoking sec¬ 
tion of aircraft cabins. Estimates from the two dose-response models were 
quite consistent except in the case of business passengers; for this 
group, the assumption that frequent flying begins at a later age resulted 
1n lower estimates with the multistage model. 

Applying the risk estitnates In Exhibit 3 to the entire U.5. cabin 
crew population results in an estimated O.IB premature lung cancer deaths 
per year for domestic flights (that Is, approximately 4 premature deaths 
can be expected every 20 years) and 0.16 premature deaths per year for 
international flights. Corresponding estimates for the U.S. flying popu¬ 
lation arc 0.24 premature lung cancer deaths per year for domestic flights 
and O.IB premature deaths par year for International flights. 

Acute upper respiratory and ocular Irritation effects of ETS 
exposure were estimated using CO concentrations as a proxy for ETS levels. 

xxvi 


PM3006451161 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 


EXHIBIT 3. ESTIKATED LIFETIME RISKS OF PREMATURE LUHG CANCER DEATH 
ASCRIBABLE TO ETS ON SMOKING FLIGHTS PER 100,000 
NONSMOKING CABIN OCCUPANTS 



Cancer Risk 

per 100,000 

Cabin Occupants 

Type of Flight/ 

Risk Model 

Cabin Crew 
Member^ 

Business 

Passenger* 

Casual 

Passenger’ 

Domestic Flights 

Phenomenological Model 

12.06 

0.83 

0.11 

Multistage Model 

14.85 

0.27 

0.08 

International Flights 

Phenomenological Model 

13.46 

0.61 

0.08 

Multistage Model 

16.59 

0.20 

0.06 


^Assumed to fly 960 hours per year for 20 years, starting at age 25. 
^Assumed to fly 480 hours per year for 30 years, starting at age 35. 
‘Assumed to fly 48 hours per year for 40 years, starting at age 25. 
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Measured 30*m1nLte peak CO concentrations were compared with empirical 
data provided b> human chamber studies on the numbers of Individuals 
experiencing Irritation by various levels of CO as an ETS surrogate. 

Based on this comparison. It was estimated that on one-third of smoking 
flights about one 1n eight persofts--smokers and nonsmokers—seated In the 
smoking section would experience Irritation due to ETS exposure. A simi¬ 
lar type of analysis, using nicotine as a surrogate for eye and nose irri¬ 
tant effects of ETS, Indicated that on about one-third of smoking flights 
ETS levels In the smoking section would be sufficiently high to evoke a 
marked sensory response In the eye and nose of an airliner cabin occupant. 

Cosmic radiation levels were not monitored because an assessment 
performed at the outset of the study Indicated that extensive existing 
data provided a sufficient basis for risk assessment. Cancer risk esti¬ 
mates, dependent primarily on flight altitude and latitude, were developed 
for a number of different flight paths using dose-response data developed 
by the United Nations Scientific Committee on the Effects of Atomic 
Radiation. As Indicated In Exhibit 4. the highest risks are associated 
with longer domestic and International flights, primarily due to higher 
altitudes. Because the risks scale linearly with dose, the estimates for 
cabin crew members assumed to fly 960 hours per year are double those of 
passengers assumed to fly 480 hours per year (Exhibit 4). 

MITIGATION 

Mitigation options were not explored for ozone or biological 
aerosols because of the low levels that were measured In this Study. For 
ETS, procedural options such as restriction of smoking and technological 
options such as Increased ventilation were assessed. Of these options, a 
total ban on smoking was estimated to provide the greatest benefit at 
least cost. Estimated benefits were based on reduced lung-cancer mor¬ 
tality risks. Costs for procedural options associated with smokers' 
Inconvenience and discomfort, or displacement of smokers to other inodes of 
transportation, could not be estimated due to data limitations. 
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EXHIBIT 4. ESTIMATED LIFETIME RISKS OF PREMATURE CANCER DEATH 

ASCRIBABLE TO IN-FLIGHT COSMIC RADIATION EXPOSURE PER 
100,000 FLYING CABIN OCCUPANTS 


Cancer Risk per 100,000 Cabin Occupants 


Type of Fllght/Patn 


Cabin Crew Men*ers Passengers Flying 
Flying 960 Hours 480 Hours 

Per Year Per Year 


Domestic Flights * 

East-West (s2 hours) 
East-West (>3 hours) 
North-South (£2 hours) 
North-South (>3 hours) 

International Flights * 

Long, circumpolar (13 hours) 
Medium, non-clrcumpoiar 
{7-9 hours) 

Short, non-clrcumpoiar 
(S3 hours) 


18 

to 

42 

9 

to 

21 

59 

to 

61 

29 

to 

30 

5 

to 

31 

3 

to 

16 



49 



25 




30 


15 

23 

to 

29 

U to 

14 

13 

to 

17 

7 to 

9 


‘Assuming 20 years of flying. 
*A55U(ii1ng 10 years of flying. 
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Relative to the case of unrestricted smoking, the two-hour ban in 
effect during the past two years would reduce risks ascribable to ETS 
exposure on domestic flights by about 45 percent. A four-hour ban would 
reduce risks by about 86 percent, and a six-hour ban would reduce risks by 
approximately 98 percent. A different type of strategy to curtail 
smoking, such as allowing smoking during a 10-mlnute period every two 
hours, could reduce average exposures to ETS by as much as 70 percent. 
However, such a strategy could substantially increase the risks of 
respiratory and other Irritant effects from acute exposure to ETS during 
the brief periods when smoking would be allowed. 

Increasing ventilation rates could lower ETS exposures by as much 
as 33 percent, but associated fuel penalties would result in costs esti¬ 
mated to be greater than the benefits. Improved filter efficiency was 
estimated to provide only a marginal reduction (about 5 percent) In ETS 
exposures. 


Exposure management was considered to be the only viable option 
for reducing exposures of cabin crew members and passengers to cosmic 
radiation. In the case of cabin crew members, this strategy would involve 
careful scheduling of personnel to avoid persistent exposure to higher 
cosmic radiation levels generally associated with h1gh-altitude flights 
and flight paths toward extreme northern or southern latitudes. 

For removal of CO 2 , sorption on solid adsorbent beds whose adsor¬ 
bent capacity for CO 2 can be regenerated by heating was considered to be 
a method with potential benefits for aircraft with recirculation. Cost or 
reliability data were not available for comparison with costs of addi¬ 
tional ventilation, which could also be used to bring CO 2 levels closer to 
the guidelines specified by ashrAE. 
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Section 1<0 

INTRODUCTION AND SACKGROUND 


notice 

Protactad by copy^^i 
.<»» mtJe J7_u.s, Code;, 


1.1 OBJECTIVES 

As 8 result of Public Law 100-202, smoltlng Is prohibited for a 
two-^ear period in passenger areas of commercial airline cabins on flights 
scheduled for two hours or less In duration. The prohibition expires ln 
April 1990, whereupon decisions must be reached to continue the ban in 
Its current form or expand the application. In order to fill knowledge 
gaps necessary to proposing a definitive response, the U.S. Department of 
Transportation {DOT) contracted with 6E0MET Technologies, Inc., to collect 
and analyze the required Information In a timely fashion. 

The underlying purpose of this project was to develop information 
to be used for determining the health risks from exposures to environmen¬ 
tal tobacco smoke (ETS) for nonsmoking airliner occupants and to other 
pollutants of concern, such as ozone, for all airliner occupants. To meet 
this primary objective, the study design established the following secon¬ 
dary objectives: 


(1) Identify air contaminants and other parameters requiring 
measurement 

(2) Select appropriate Instrunentatlon 

(3) Define measurement protocols for collection of high-quality 
data that are representative of In-flight conditions 

(4) Develop a statistical sampling frame that enables represen¬ 
tation of conmerclal flights departing from major U.S. air¬ 
ports 

($} Collect data on flights chosen for monitoring 

(6) Analyze data to characterize concentration patterns in dif¬ 
ferent types of aircraft under different conditions 

(7} Identify health effects of the chosen contaminants and 
select populations of interest for developing a rfsk 
assessment framework 
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(8) Apply the risk assessment framework 

(9) Develop and evaluate options for mitigation of contaminants 
as required. 

1.2 GENERAL BACkGBQUNO 

The airliner cabin environment has been of great concern for the 
last twenty years to various elements of the Federal Government, special 
Interest groups organized to advocate public or Industry positions, and 
the general public Itself. In addition to early concerns related to fire 
safety and cabin pressurization and their resolution through engineering 
solutions, increased attention has been brought to bear on environmental 
issues. 


The evolution of these concerns has proceeded largely In step 
with the growth of general environmental Issues and development of 
measurement capabilities. Passenger complaints regarding In-flight expo¬ 
sures to tobacco smoke produced Federal Aviation Administration (FAA) 
responses as early as 1968. Using measurement technologies and underlying 
assumptions drawn from the ambient air quality studies of the period, FAA 
and the Public Health Service (PHS) embarked on an 18-month measurement 
study that was conpleted in 1971. Subsequent Civil Aeronautics Board 
(CAB) regulations to segregate smokers from nonsmokers were passed in 
1973. 


As flight ceilings Increased, concerns were raised with regard 
to stratospheric ozone and elevated exposures to cosmic radiation. 
Similarly, periodic moves toward energy conservation raised concerns over 
decreased fresh-air ventilation rates. FAA responsibilities in these and 
other subjects were met through various studies such as the monitoring 
program for cabin ozone (FAA 1980), rules and regulations such as FAA 
Operations Bulletins (FAA 1985), and advisory circulars such as those 
under development for exposures to cosmic radiation (FAA.1989). 

At the same time, advances in measurement technologies and 
Improved understanding from detailed Investigations of personal exposure 
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In other confined environments {e.g.i residential, office, public access 
buildings} and ambient outdoor environments began to shed light on pre¬ 
viously unstudied phenomena, such as bloaerosols, and began to Illustrate 
previously unrecognized chemical complexity. Continuing studies of expo¬ 
sure to ETS, for example, cast some doubt on the utility of the much 
earlier FAA/PHS study because more effective marker constituents had been 
Identified, and, of at least equal Importance, Improved measurement capa¬ 
bilities allowed more precise monitoring of a wider range of field 
environments. 

In that light. It came as no surprise that a series of 
Congressional hearings held In 1983 and 1984 concluded that the available 
data on the airliner cabin environment were contradictory and that present 
standards and practices could be questioned. As a result of the hearings. 
Congress, through Public Law 98-466, directed the Secretary of 
Transportation to commission an Independent study by the National Academy 
of Sciences to examine the adequacy of Industry practices and FAA rules 
and regulations as they affect the health and safety aspects of the 
airliner cabin environment aboard civil commercial aircraft. 

This mandate served as a major collection point to review pre¬ 
vious work directed specifically to the environmental quality aboard 
aircraft and to examine other pollutants and sources that, based on 
emerging concerns from other fields, could be responsible for health 
problems In the long or short run. The Academy was directed to recommend 
remedies for problems discovered and to outline safety precautions to pro¬ 
tect passengers from smoke and fumes produced by in-flight fires. 

To maintain the Independence of the study, FAA did not par¬ 
ticipate or take any actions that could affect findings, conclusions, or 
recommendations of the study. At the request of the Academy, however, FAA 
provided data and rendered assistance to the conmlttee established in the 
National Research Council's Connlsslon on Life Sciences that was-assembled 
to conduct the study. In the course of the study, the Connittee on 
Airliner Cabin Air Quality reviewed the available technical literature. 
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Including characteristics of various models of modern aircraft. The 
Committee also held a series of technical meetings and briefings with 
experts in relevant fields and made a number of site visits to evaluate 
specific Issues. 

The Cocrmlttee's report (NRC 1986a), issued In August of 1986, 
Identified several potential sources of environmental quality problems 
on aircraft Including tobacco smoke, ozone, cosmic radiation, humidity, 
and microbial aerosols. The Committee noted, however, that available 
empirical evidence was of Insufficient quality and quantity for a scien¬ 
tific evaluation. Unique aspects of the airliner cabin environment 
precluded drawing valid conclusions on the basis of data from other 
environments. Consequently, recommendations from the study focused 
largely on defining areas of data collection necessary to more fully 
understand potential exposures. 

The Committee recofmmended that smoking be banned on all comner- 
clal flights to lessen irritation and discomfort and to reduce potential 
health hazards associated with ETS by bringing that aspect of cabin air 
quality into line with established standards for other closed environ¬ 
ments. The smoking ban was also cited as a means to eliminate the possi¬ 
bility of fires caused by cigarettes. 

There has been a growing concern that exposure to ETS may be 
associated with adverse health and comfort effects among nonsmokers. This 
concern Is further enhanced by the growing interest In indoor air quality, 
the recognition that ETS is a major indoor contaminant source, and the 
fact that a large number of people are exposed to ETS. The health and 
comfort effects of involuntary smoking have been extensively reviewed by 
the Committee on Passive Smoking of the National Research Council (NRC 
1988b) and by the U.S. Surgeon General (DHHS 1986). Both reviews 
concluded that exposure of nonsmokers results In: 

• Acute irritation of the eyes, nose, and throat along with 
perception of odor 
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• upper airway problems In children Including Increased 
prevalence of respiratory symptoms (cough, sputum produc¬ 
tion, wheezing), decreased lung function, increased lower- 
respiratory Illness, and Increased rates of chronic ear 
Infections 

• Increased risk of lung cancer. 

The reviews also noted other outcomes related to the growth and health of 
children, including lower birth weight. 

After completing a review of the Academy report on the airliner 
cabin environment, DOT assembled a report to Summarize Its responses (OCT 
1987) to accompany submittal of the Academy report to Congress In February 
1987. DOT accepted in full or in part most of the recofrinendations made In 
the Academy report. While recognizing that exposure to ETS could be 
viewed as a problem by some crew members and passengers, DOT suggested 
that further study was needed to better define health effects, con¬ 
centrations and possible technical solutions before proposing a definitive 
response to a smoking ban on all conmerclal aircraft. 

In December of 1987, Public Law 100-202 was enacted, prohibiting 
smoking by passengers on any scheduled commercial flight of two hours or 
shorter duration. This limited smoking ban is effective for 24 months 
beginning April Z3, 1968 . At the same time, DOT also received 
Congressional approval to conduct a study to resolve technical questions 
that must be answered before continuing or broadening the prohibitions 
contained in PL 100-202. 

1.3 REVIEW OF AVAILABLE DATA 

The Information incorporated into the ConmUtee on Airliner Cabin 
Air Quality report constitutes a comprehensive survey of the published 
literature to about 1985 (NRC 1986a]« This section briefly summarizes the 
results of relevant studies Identified by the Conmlttee together with 
research results that have been published since that time. 

Environmental tobacco smoke Is a complex mixture of gas- and 
particulate-phase contaminants. More than 3,800 compounds have been 
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identified in ETS. Field monitoring studies, however, seek to quantitate 
a relatively small number of marker constituents. The aircraft environ¬ 
ment has not been systematically Investigated for ETS contaminant levels. 
Early studies conducted by FM and PHS (1971) measured cabin levels of CO, 
hydrocarbon vapors, TSP, and pah on twenty Military Airlift Command 
flights and fourteen domestic flights over an 18-month period. Envir¬ 
onmental sampling revealed very low levels of each contaminant measured, 
well below occupational and environmental air quality standards, and these 
contaminants were not Judged to represent a hazard to non-smoking 
passengers. Analysis of subjective questionnaires, however, also revealed 
that a significant proportion of nonsmoking passengers were bothered by 
tobacco smoke, leading to regulations to segregate smoking passengers. 

Other ETS studies of the airliner cabin environment Identified by 
the committee utilized measures of CO and RSP. Anecdotal measurements 
carried out by ComnUtee members during the Academy study Included very 
limited measurements of NO 2 . RSP, and CO 2 using portable instrtanents on 
comtierclal flights. Although suggesting the possible range of con¬ 
centrations of ET5-based contaminants, none of these earlier data provide 
definitive results. 

More recent sampling studies aboard connerelal airliners have 
been published by Oldaker and Conrad (1987) and by Mattson et al. (1989). 
Oldakif and Conrad measured vapor-phase nicotine In no-smoking and smoking 
sections of three types of commercial aircraft (Boeing 727-200, 737-200 
and 737-300). Forty-nine measurements were conducted in no-smoking sec¬ 
tions, out of which 40 measurements were conducted In the boundary region 
(l.e., two rows In no-smoking sections adjacent to smoking sections). 
Additionally, 26 measurements were conducted In smoking sections. Average 
nicotine concentrations (± standard deviations) were 22.4 t 28.4 yg/m^ in 
smoking sections. 10.6 ± 9.7 yg/m^ In the boundary region of no-smoking 
sections, and 3.3 ± 3.6 yg/m^ in the remainder of the no-smoking sections. 
They did not find any significant correlation between nicotine con¬ 
centrations and the number of smokers; however, smoking rates were net 
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TABLE 8-2. INCREMENTAL RISK OF PREMATURE LUNG CANCER DEATH AMONG 
NONSMOKING PASSENGERS FROM EXPOSURE TO RSP, ASCRIBABLE 
TO ETS ON SMOKING FLIGHTS. 

RISKS ARE BASED ON THE MODIFIED ARMITAGE AND DOLL MODEL. 


Age at 
Start 

rears 

Flown 


Risk In LUetlfhe Deaths 
Per 100,000 Exposed 


45 

Hours Flown 
100 

Per Year 

450 

900 



Oonestic Flights 



5 

10 

0.2061 

0.4624 

2.0808 

4.1617 

5 

20 

0.3151 

0.7003 

3.1514 

6.3028 

5 

30 

0.3642 

0.8094 

3.6424 

7.2849 

5 

40 

0.3835 

0.8522 

3.8350 

7.6701 

15 

10 

0.1071 

0.2379 

1.0705 

2.1411 

IS 

20 

0.1562 

0.3470 

1.5616 

3.1232 

15 

30 

0.1754 

0.3858 

1.7542 

3.5004 

15 

40 

0.1815 

0.4033 

1.8147 

3.6294 

25 

10 

0.0491 

0.1091 

0.4911 

0.9821 

25 

20 

0.0684 

0.1519 

0.6837 

1.3673 

25 

30 

0.0744 

0.1654 

0.7441 

1.4883 

25 

40 

0.0758 

0.1684 

0.7577 

1.S155 

35 

10 

0.0193 

0.0428 

0,1926 

0.3852 

35 

20 

0.0253 

0.0562 

0.2531 

0.5062 

35 

30 

0.0267 

0.0593 

0.2667 

0.S334 

35 

40 

0.0268 

0.0597 

0.2685 

0.5369 



International Flights 



5 

10 

0.1526 

0.3391 

1.5259 

3.0519 

5 

20 

0.2311 

0.5136 

2.3110 

4.6220 

5 

30 

0.2671 

0.5936 

2.6711 

5.3422 

5 

40 

0.2812 

0.6250 

2.8124 

5.6247 

15 

10 

0.0785 

0.1745 

0.7851 

1.5701 

15 

20 

0.1145 

0.2545 

1.1452 

2.2904 

15 

30 

0.1286 

0.2859 

1.2864 

2.5728 

15 

40 

0.1331 

0.2957 

1.3308 

2.6615 

25 

10 

0.0360 

0.0800 

0.3601 

0.7202 

25 

20 

0.0501 

0.U14 

0.5014 

1.0027 

25 

30 

0.0546 

0.1213 

0.5457 

1.0914 

25 

40 

0.0556 

0.1235 

0.5557 

1.1113 

3$ 

10 

0.0141 

0.0314 

0.141Z 

0.2825 

35 

20 

0.0166 

0.0412 

0.1856 

0.37f2 

35 

30 

0.0196 

0.0435 

0.1955 

0.3911 

35 

40 

0.0197 

0.0438 

0.1969 

0.3938 
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tUled fairly abundant data to confirm intrusion of stratospheric ozone 
Into the flight cabin, but also cited the need for additional data to 
establish conpMance with FAA standards. Issues surrounding potential 
exposures to cosmic radiation (particularly at high altitudes) were also 
raised. 
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Section 2.0 

SURVEY DESIGN AND PROTOCOL 

2.1 SELECTION OF POLLUTANTS AND OTHER MEASUREMENT PARAMETERS 

The air quality In an airliner cabin Is related to several fac¬ 
tors Including pollutant sources Inside the aircraft, outdoor pollutants, 
the volume of the airliner cabin, ventilation rates, and air mixing within 
the cabin. To assess the air quality in the airliner cabin environment In 
this study, pollutants were selected for monitoring that (1) had known or 
suspected sources In the aircraft and (2) could be monitored or sampled ln 
occupied airliner cabins with small, unobtrusive instrumentation that 
would not concern passengers or alert the flight crew to the sampling 
activity which could cause them to take steps to-alter ventilation rates. 

The parameters selected for measurement In this study are listed 
In Table 2-1. The pollutants measured Included components of ETS 
(nicotine, respirable particles, and carbon monoxide), carbon dioxide, 
ozone, and microbial aerosols. The rationale for selection of these param¬ 
eters Is given below. 

Environmental tobacco smoke consists of a complex mixture of a1r 
contaminants In both the gaseous and particulate phases—more than 3,800 
compounds have been Identified in cigarette smoke. To assess the health 
risks due to exposure to ETS, it is necessary to accurately quantify ETS. 
Because it is not possible to measure all ETS contaminants, marker or 
tracer contaminants must be used as indicators of exposure to ETS. The 
tracers to be measured should have the following characteristics: 

• Be unique to tobacco smoke 

• Occur In sufficient quantities In ETS to facilitate accurate 
detection and quantification 

• Have similar emission rates across a variety of tobacco 
products 

• Occur In a consistent ratio to other contaminants ln ETS. 
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TABLE 2-1. POLLUTANTS AND OTHER PARAMETERS MEASURED 
IN THE AIRLINER CABIN 

Ponutant/Measurement Parameters 

ETS Contaminants 
Nicotine 

Respirable Particles 
Carbon Monoxide 

Microbial Aerosols 

Fungi 

Bacteria 

Other Pollutants 
Ozone 

Carbon Dioxide 

Other Parameters 
Teinperature 
Relative Humidity 
Cabin Pressure 
Air Exchange Rate 


z-z 
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Of the 3,800 ccrpounds Identified, and the 300 to <00 compounds 
that have been measured in ETS, there are numerous vapor-phase orjanic 
compounds, particles, particulate phase organics, nitrogen oxides, and some 
tobacco-specific nitrosammes. Most of these compounds, however, have not 
been adequately studied to permit their use as ETS tracers. Some, such 
as N-n1trosonornlcotlne, meet some of the criteria as a tracer, but the 
current measurement technologies are inadequate for accurate quan¬ 
tification at the low levels present in indoor environments, even with 
heavy smoking. 

Nicotine meets most of the criteria as an ETS tracer. It Is 
unique to ETS; in most environments, tobacco smoke Is the only source of 
nicotine. Nicotine ls the major constituent in ETS, after water, and sen¬ 
sitive analytical methods are available to quantify It, even in environ¬ 
ments with low levels. Nicotine exists primarily in the vapor phase. 

Data from Hannund et al, (1967) and Muramatsu ct al. (1984) suggest that 
nicotine/particulate natter ratios are more constant than those previously 
measured In studies that used smoking machines to generate ETS. Nicotine 
also serves as a good tracer because nicotine In sidestream smoke does not 
vary substantially for different brands of cigarettes (Rickert et al. 1984). 

Carton monoxide has been measured in numerous studies to repre¬ 
sent ETS. In areas with heavy smoking or where other sources of CO do not 
exist, CO provides a measure of ETS exposure. 

Respirable particles (RSP) are a major component of ETS. in 
numerous studies simnarized by Ripacc (1987), tobacco smoke has been 
shown to play a predominant role in the concentration of RSP indoors. As 
a result of these studies, RSP is currently the most extensive data base 
for modeling ETS In indoor environments and is considered to be among the 
best tracers for ETS and associated hunan exposure (NRC 1986). 

Ozone was selected for measurernent In this study because it has 
been demonstrated to be a pollutant of concern In aircraft cabins. Data 
collected in the GASP program (Nastrom and Holdeman 1980) have shown that 
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ozone concentrations increase with increasing latitude, are maximal during 
spring, and vary with weather systems. The Importance of ozone Is obvious 
from the fact that standards of 0.25 ppm of peak concentrations and 
0.1 ppm for 3-hour intervals have been established by the FAA. The data 
on ozone concentrations 1n occupied airliner cabins are, however, limited 
and not current. Therefore, collection of ozone data In this study was 
warranted. 

The sources of carbon dioxide (CO 2 ) in the airliner cabin are 
the passengers. Because of the high density of passengers on some flights, 
It Is Important to measure C02. Current guidelines for exposure to carbon 
dioxide (CO 2 ) Include the ACGIH time-weighted average (TWA) limit of 
5,000 ppm, and ASHRAE's guideline of 1,000 ppm (ASHRAE 1989). The ASHRAE 
guideline of 1,000 ppm, reconmendad to satisfy comfort (odor) criteria, Is 
widely used as an indicator of the adequacy of ventilation in indoor 
environments. Carbon dioxide measurements were performed on each flight 
for comparison to the relevant standards and guidelines and as an indica¬ 
tor of air quality and ventilation. 

Airborne microbial aerosols have been quantified In a variety of 
Indoor environments. Concentrations of biological aerosols in aircraft 
cabins, however, have not been measured. The aircraft cabin represents a 
unique environment with Its high density of occupants and specialized ven¬ 
tilation system. Although ventilation air during flight may contain very 
few biological particles, these particles may Infiltrate the cabin during 
ground activities, be carried on by passengers, and most importantly, may 
be generated from passengers by skin shedding or coughing, sneezing, and 
talking. 

In this study, fungi and bacteria were sampled on each aircraft. 
The sampled organisms were cultured and quantified to determine the three 
to five most prevalent genera of bacteria and fungi on each flight. 
Additionally, Staphylococcus aureus and Streptococcus pyogenes , two organ¬ 
isms that can be directly related to dispersion from passengers, were 
quantified in bacterial samples. 
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In addition to pollutant measurements, temperature, relative 
huni1d1ty« and caOln air pressure were measured at each sampling location. 
Temperature and pressure are required parameters for calculating volu¬ 
metric sampling rates, and relative hunldUy Is recognized as an Important 
parameter in airliner cabins. 

Air exchange rates were also measured on each flight. Data on 
air exchange rates ere Important for use in Interpretation of pollutant 
measurements, modeling, and development of mitigation strategies. 

Cosmic radiation was also included as a parameter for which a 
risk assessment would be performed In this study. However, measurements 
of cosmic radiation were not made on the flights during the monitoring 
program. A decision was made not to perform measurements after a review 
of currently available data In draft and final reports (FAA 1989) and the 
UNSCEAR reports (1982, 1966, and 1968). The evaluation of this Infor¬ 
mation indicated that the available data was adequate to perform the risk 
assessment. 

2.2 DETERMINATION OF SAMPLE SIZE 

Determination of an appropriate sample size (I.e., number of 
flights to be monitored) was based primarily on study needs relating to 
risk assessment for exposure to ETS contaminants. In the context of risk 
assessment, two types of potential health effects of ETS exposure are of 
primary concern: 

■ Chronic health effects related to average ETS concentrations 
encountered by airline passengers or flight attendants 

• Acute health effects related to occasions on which the peak 
concentrations encountered are sufficiently high to trigger 
htxnan health responses. 

Thus, the sample size required for the study wes one that would enable 
cstlinatlon of both average ETS concentrations and the proportion of 
flights where certain concentration levels were exceeded with i reasonable 
degree of precision. Each of these perspectives for estimation of sample 
size 1$ discussed in greater detail below. 
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2.2.1 gatliwting an Average Concentration 

To properly support t risk assessment for chronic effects of ETS 
exposure, the average concentration of ETS contaminants on both smoking 
and nonsmoking flights needs to be estimated as precisely as possible. 

A common estimation goal Is to have a SS percent confidence that the 
average measured concentration differs from its true, but unknown, value 
for specific sampling conditions by a relatively small margin of error. 

The formula for the sample size (n) necessary to meet this objective is as 
follows (Cochran 1963): 


n 


t2 . s2 


( 1 ) 


where: 

t represents the nanper of standard deviations (approximately 
two) that account for the central 95 percent of the area 
under a normal curve 

s Is the estimated standard deviation for the ETS contaminant 

d Is the margin of error (expressed as a fraction of the average) 
that can be tolerated In estimating the average concentration 
of the ETS contaminant. 


In practice, it is difficult to obtain estimates for the value of 
s that can be expected, as this quantity depends both on the mean con¬ 
centration and the extent of variation about the mean. A more stable 
quantity Is the coefficient of variation (CV), or ratio of the standard 
deviation to the mean, which often lies in the range from 0.5 to 2.0 for 
environmental measuraments, if the margin of error In equation (1) is 
expressed as a fraction of the mean, (l.c., d • f * x) and the standard 
deviation Is also expressed relative to the mean (I.e., s • CV • x), then 
the above equation can be restated as: 


t2 • CV2 



or, solving for f, 

f • t • CV/»^ (3) 
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Equation (3) expresses the precision with which the mean con¬ 
centration can be estimated as a function of the CV and sample size. For 
example, assuming a CV of 1.0 and a sample size of 100 flights, the asso¬ 
ciated value of f 15 0.2, meaning that there is a 95 percent confidence of 
estimating the average concentration within ±20 percent. 

Some estimated values of f for different values of the CV and 
sample size are given In Table 2-2. When the sample Size Initially is 
fairly small, relatively rapid improvement In precision can be achieved 
with modest Increases in sample size (e.g., from 20 to 40 or 40 to 60). 

The marginal gain in precision drops off rapidly as the sample size 
exceeds 100. For example, for a CV of 1.0, the precision Improves by 
6 percentage points (from ±32 percent to ±26 percent) when the sample size 
1$ Increased from 40 to 60 but Improves by only one percentage point (from 
±15.5 percent to ±14.6 percent) when the sample size 1$ increased from 
160 to 180 flights. 

Thus, as Indicated above and Illustrated In Figure 2-1, the 
optimal sample size appears to lie In the range between 60 and 
120 flights. A further consideration Is the magnitude of the CV that can 
be expected. If RSP measurements in residential environments (e.g., 
Spengler et al. 1985) are indicative, then a CV on the order of 0.8 could 
be expected for smoking flights, meaning that the average concentration 
could be estimated within ±25 percent through measurements on 40 to 50 
flights. However, recent data collected by Oldaker and Conrad (1987) 1n 
the airline cabin environment Indicate that a CV on the order of 1.3 can 
be expected for nicotine measurements In smoking sections of aircraft. In 
this case, approximately 60 flights would be required to estimate the 
nicotine average with a reasonable degree of precision (e.g., 

±30 percent): 1f the CV turned out to be as high as 1.5, then 100 flights 
would be needed to achieve this degree of precision. 


2-7 


PM3006451183 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



TABLE 2-2. PERCENT ERROR IN ESTIMATING AN AVERAGE CONCENTRATION 
BY SAMPLE SIZE AND COEFFICIENT OF VARIATION 


Sample 

Size* 


Coefficient of variation** 


0.6 

0.8 

1.0 

1.2 

1.4 

1.6 

20 

28.OX 

37.3X 

46.7X 

56. OX 

65.4X 

74.7% 

40 

19.1 

25.5 

31.9 

38.3 

44.7 

51.1 

60 

15.4 

20.6 

25.8 

30.9 

36.1 

41.3 

fiO 

13.4 

17.8 

22.3 

26.8 

31.3 

35.7 

100 

11.9 

15.9 

19.9 

23.8 

27.8 

31.8 

120 

10.8 

14.4 

18.0 

21.6 

25.3 

28.9 

140 

10.0 

13.3 

16.7 

20.0 

23.4 

26.7 

160 

9.3 

12.4 

15.5 

18.6 

21.8 

24.9 

180 

8.7 

11.6 

14.6 

17.5 

20.4 

23.3 

200 

8.3 

11.0 

13.8 

16.6 

19.4 

22.1 


* Number or nights to be monitored. 

** Ratio of standard deviation to mean concentration for contaminant 
to be monitored. 
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PERCENT ERROR 



FISURE 2-1. RELATIONSHIPS BETWEEN PERCENT ERROR IN ESTIMATING AN 
AVERAGE CONCENTRATION ANO SAMPLE SIZE FOR A 
COEFFICIENT OF VARIATION OF 1.0 


2-R 


PM3006451185 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



2.2.2 Estirratinq the Proportion of Flights for Which a Concentraflon 
\t Exceeaed 

To properly support a risk assessment for acute effects of ETS 
exposure, the proportion of flights for which the peak concentration 
exceeds some level of concern (e.g., the concentration at which sensitive 
individuals may have reactions such as respiratory or eye Irritation) 
needs to Pe estimated as precisely as possible. The formula for the 
sample size necessary to estimate a proportion (p) within a certain margin 
of error (d) is similar to equation (1); substituting the variance (p x q, 
where q ■ 1 - p) about ah estimated proportion for s^ in that equation, 
the following relationship is obtained: 

t2 • p • q 


or, solving for d, 
d ■ t • /' pq/n" 

Some estimated values of d for different values of p and n are 
given In Table 2-3. As in the case of estimating the mean concentration, 
the greatest marginal gain in precision is made at relatively low sample 
sizes. For example, for an estimated average proportion of O.S, the 
margin of error would be reduced by 0,03 (from 0,16 to 0.13) if the sample 
size were to be Increased from 40 to 60 flights, whereas the error would 
be reduced by only 0.005 (from 0.078 to 0.073) If the sample size were to 
be Increased from 160 to IBO nights. 

The Interpretation oi' the table entries can be illustrated as 
follows: If the measured proportion Is 0.5 and the sample size ls 
100 flights, then the estimated error Is 0.1; thus, there is a 95 percent 
confidence that the true proportion Is In the interval from 0.4 to 0.6. 

As few as 60 flights could be adequate to estimate a proportion such as 
O.S (Interval from 0.37 to 0.63) or 0.2S (interval from 0.14 to 0.36), but 
this ntanber would not be adequate for estimating smaller proportions. For 


{*) 

(5) 
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TABLE 2-3. ERROR IN ESTIMATING THE PROPORTION OF FLIGHTS WITH 
MEASURED CONCENTRATIONS ABOVE A STATED LEVEL. BY 
SAMPLE SIZE AND ESTIMATED PROPORTION 


Sample 

Size* 

Estimated Proportion of Flights 

0.50 

0.25 

0.10 

0.05 

20 

0.234 

0.202 

0.140 

0.102 

40 

0.160 

0.136 

0.096 

0.070 

60 

0.129 

0.112 

0.077 

0.056 

80 

0.112 

0.097 

0.067 

0.049 

100 

0.100 

0.066 

0.060 

0.043 

120 

0.090 

0.078 

0.054 

0.039 

140 

0.084 

0.072 

0.050 

0.036 

160 

0.078 

0.067 

0.047 

0.034 

180 

0.073 

0.063 

0.044 

0.032 

200 

0.069 

0.060 

0.042 

0.030 


* Number of fligMs to be monitored. 
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exa/nple, if the estimated proportion were 0.05 and the nunber of sampled 
flights were 60, then the Interval surrounding this estimate would have a 
lower bound below zero, meaning that the estimated proportion could not 
be statistically distinguished from zero. On the other hand, it may not 
be necessary to estimate relatively small proportions with any great cer¬ 
tainty; It is probably sufficient to know that the proportion is 
relatively small* 

2,2.3 Target Sample Size 

Whether viewed from the perspective Of estimating means or esti¬ 
mating proportions, a sample size In the range of 60 to 120 smoking 
flights was considered to be sufficient to meet the needs of the study. 
Resources adequate to obtain this range of sample size were requested and 
received for the study. The exact number of flights that could be moni¬ 
tored with these resources could not be determined at the outset of the 
study, due to fluctuations in air fares and some uncertainty in the amount 
of technician time required for monitoring flights together with pre- and 
post-flight activities. 

Nonsmoking flights were also to be monitored by study design. 
Although the primary emphasis of the study was on smoking flights, 
nonsmoking flights needed to be monitored to provide a benchmark for com¬ 
parison with smoking flights and to verify the assinptlon that levels of 
ETS contaminants were relatively low on such flights. Because the coef¬ 
ficient of variation for nonsmoking flights was expected to be about one- 
half to two-thirds that of smoking flights, the same relative precision 
could be obtained with one-half to one-quarter the number of smoking 
nights. Thus, a sample size in the range of 20 to 40 nonsmoking flights 
was considered to be sufficient. 

In selecting flights to be monitored (see Section 2.4), smoking 
and nonsmoking flights were sampled independently, subject to the overall 
constraint that 75 percent of all monitored flights be smoking flights and 
the remaining 25 percent be nonsmoking flights. This approach was con¬ 
sistent with the target sample sizes of 60 to 120 smoking flights and 20 
to 40 nonsmoking flights. 


2-12 


PM3006451188 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



2.3 HEASUREHgKT INSTRUHEMTATIQW. CONriGUBATrOM, AXQ TESTIMS 

To meet the objectives of the study, while performing the moni¬ 
toring under the constreints issodated with an occupied airliner caoin 
environment, the Instrumentation package used in the cabin had to meet 
the following criteria: 

• Produces data that meet requirements for risk assessment 

• Unobtrusive and small size—all Instruments and sensors fit 
In a single, compact carry-on bag 

• Lightweight 

• No requirement for external power 

• Quiet operation 

• Compliance with FAA regul8t1oni--wl11 not interfere with the 

aircraft navigation or conmunicatlon systems 

• Compliance with DOT regulations relating to the carriage of 
hazardous materials 

• win not cause concern to passengers during use. 

The monitoring package configured for the study consisted of 
instruments and sensors for measurement of time-varying concentrations of 
contaminants In addition to samplers tor collection of Integrated samples. 
It also Included a data acquisition system for recording outputs from the 
continuous monitors. The Instrunentatlon was packaged In i single, com¬ 
pact carry-on bag typical of that carried by other airline passengers. 
Details of configuration of the Instrunentetlon package ere provided 
below. 

2.3ol Description of Measurement Methods and Instrumentation 

The measurement parameters of the study, sample collection 
methods, analysis methods, and relevant rafercnces are sunmarlzcd in 
Table 2-4. 
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TABLE 2-A. MEASUREMENT PARAMETERS AND METHODS 


Parameter 

Sample Collection 
Method 

Analysis 

Method 

References 

ETS Contaminants 
Carbon monoxide 

Continuous monitor 

Solid polymer 
electrolyte 

Nagda and icoontz, 
1985 

Nicotine 

Sodlun-bisulfate 
treated filter 

Gas chromato- 
graphy--n1trogen 
selective detector 

Hanmond et a!., 
1967 

Respirable 

particles 

(Integrated) 

Filtration with 
cyclone separator 

Gravimetry 

Hammond et al., 
1987 

Respirable 

particles 

(continuous) 

Continuous monitor 

Nephelometry 

tngebrethsen 
et al., 1938 

Microbial. Aerosols 

Impaction 

Culture/microscopy 

Burge et al., 

1987 

Fungi 

Bacteria 

Impaction 

CuUure/mIcroscopy 

Burge et al., 

1987 

Pollutants 

Ozone 

MBTK-coated 

filter* 

Spectrophotometry 

Lambert et al., 
1989 

Carbon dioxide 

Detector tube 

Length of stain 

Lynch, 1981 

Other Parameters 
Temperature 

Continuous 

Platinun RTD 

ASHRAE, 1965 

Relative 

hunidity 

Continuous 

Thin film dielec¬ 
tric sensor 

ASHRAE, 1985 

Barometric 

pressure 

Continuous 

PlezorcsistancB 

ASHRAE. 1985 

Air exchange 

Sorbent tube 
(passive) 

Gas chromatography 
of perfluorocarbon 
tracer 

Dietz and Cote, 
1982 


*3>Methy1-2*btnzoth1tzoMnon« 
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The requirement that the Instrianentatlon be small, unobtrusive 
and battery-powered placed a major constraint on the selection of Instru¬ 
mentation; some compromises had to be made to acconmodate smaller sampling 
devices that could be used 1n the airliner cabin. Because of the acce¬ 
lerated schedule of the project and resource constraints, new instrumen¬ 
tation designed specifically for this study could not be developed. 
Measurement methods and Instrianents were those with accepted performance 
In past studies and cormerclal availability. 

Carbon monoxide was monitored continuously on the aircraft with a 
General Electric (G£) Model 15ECS3C03 Carbon Monoxide Detector. The 
detector uses a solid polymer electrolyte technology for measurement of 
CO. The detector has been used extensively In field monitoring programs 
conducted by the U.S. Environmental Protection Agency (Akland et al. 

1985) and by GEOHET (Nagda and Koontz 1985). 

Like other portable CO monitors, the GE CO detector has a lower 
detectable limit of 1 ppm, but Its resolution of 0.1 ppm Is better than 
many other detectors. The manufacturer specifies an accuracy of tlO per¬ 
cent. In a GEOMET flald survey (Nagda and ICoontz 1985) measurement error 
at 4.5 ppm was shown to be less than 9 percent, and the precision was iiO 
percent or better, interferences with the detector have been weiN 
characterized and are effectively eliminated by use of a solid chemical 
filter (Ott et al. 1986). 

Carbon monoxide was measured at all monitoring locations in the 
airliner cabin as described in Section 2.5. The analog output signal of 
the detector was scanned every 10 seconds and l-minute averages were 
recorded by the data acquisition system (DAS) In the Instrumentation 
package. 


Nicotint was mcasurad with tha filtration method described by 
Kannond at al. (1987). Tha method Involves collecting R$P on a pre> 
flltar and vapor phase nicotine on a second filter treated witN sodiun 
bisulfate. This sampling method was salected because it has a number of 
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^dvantages over tht us« of other solid sorbent methods such as the NIOSH 
(1977) method that uses XAD-Z resin and the method of Muramatsu et a!. 
(1584) that uses Uniport-S coated with 10 percent silicon OV-17. with the 
method developed by Hammond, a single pump and sampler can be used for 
efficient collection of both RSP and vapor phase nicotine, with sorbent 
tubes, the 1.7 I/min flow rate required for separation by the cyclone can 
generate excessively high pressure drops adversely affecting sampler pump 
performance end noise levels. The performance of the nicotine collection 
method has been demonstrated in environmental chamber tests by Hanmond et 
a1. (1987). The collection efficiency of the filter method has been shown 
to be greater than 99 percent. Recovery of nicotine from the filter has 
been shown to be greeter than 98 percent. The punps used In this study 
had built-in pressure compensation to maintain constant flow rates at 
±5 percent of the set point. The limit of detection for the method is 
0.1 pg/m^ for a 2-hour sample. Nicotine analysis was performed by gas 
chromatography (GC) with a nitrogen selective detector (Hanmond et al. 
1987). 


Respirable particles (RSP) were measured during each flight by 
two complementary methods—a gravimetric method for the measurement of the 
integrated average respirable particle mass during the smoking period and 
an optical method for real-time measurement of peak and time-varying RSP 
concentrations for the entire period between departure and arrival at the 
airport gates. A lO-nn nylon cyclone (MSA Inc.) was used is a pre¬ 
separator to remove particles larger than 3.5 lan diameter for both 
methods. Use of the lO-an cyclone in tht instrianentatlon package was 
desirable because It could be used as a preseparator for both the hiniram 
and thefllter cassette used for gravimetric determinations, thereby pro¬ 
viding comparable particle size distributions for each method. The com¬ 
pact size of the cyclone made Its use more unobtrusive than larger 
impBctors that art available and that would need to be exposed above the 
Instrvment bag. The lower airflow rates needed for the cyclone limited the 
volunc of air that could be sampled, and therefore the imount of particle 
mass that could be collected, particularly on short flights. However, the 
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lower airflow rate and pressure drop placed less of a load on the sampling 
pumps, enabling their use on battery power for extended flight durations 
and multiple flights during a day. Integrated average RSP measurements 
were performed by standard methods of collection on preconditioned, tared 
filters, niters were weighed under controlled temperature end relative 
humidity conditions on a mlcrobelance with a resolution of 1.0 pg. Lower 
limits of detection with the analytical system were approximately 15 pg of 
mass (absolute) on a filter, considering the combined errors of the two 
weighings required (tare weight and final weight) for the gravimetric 
analysis. 


A MINIRAM Model POM-3 (MIE, Bedford, MA) was used to provide the 
time-varying (l-mlnute average) and peak concentrations of respirable par¬ 
ticle mass during each flight. The MlNlRAM is a compact, light-scattering 
aerosol monitor that was configured with a punp and a cyclone preseparator 
for measurement of RSP, rather than total suspended particles. 
Concentrations of RSP were recorded automatically every minute with the 
'package* DAS. RSP measurements werr performed at each sampling location 
In the cabin. ' - 

Prior to use in aircraft, the accuracy of tba NINIRAM was vali¬ 
dated by calibration Jn an envfronmcntil chamber, described by Lcadcrer 
et al. (1984), at tbe^ohn B. fierce Foundation Laboratory. The monitors 
were calibrated dynMleelly durtog ax^ure to ETS-RSP generated by occu¬ 
pants in the chamber, as dascrlbed la. Section 2.3.RSP concentrations 
with the MINIRAM were~compared-td-meastirements-wlth a piezoelectric micro- 
balance end with grevlmetrlc iecthods to enhance the comparability of data 
from this study with previous studies of ETS-RSP (e.g.. Repaee and Lowrey 
1900. 1982). ■- 

Mlcroblal aerosols were sampled on each flight with a portable, 
battery-powered sieve plate sampler, the Surface Air System (SaS) compact 
air sampler. Selection of the SAS compact sampler represented a compro¬ 
mise between collection efficiency, sampler size, and logistical 
constraints In the airliner cabin* 
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The Bloeerojols Comlttee of the ^erlcan Conference of 
Government Industrial Hygienists has stated that slit to agar samplers and 
All-Glass Implngers most efficiently collect viable bloaerosols (Burge et 
al. 1987). The silt to agar sampler, however, is bulky and requires AC 
power. The All-Glass Implngers require use of a liquid solution for 
collection making It difficult to use unobtrusively on an aircraft. 

Viable aerosols have also been collected on filter cassettes. But, loss 
of organisms due to desiccation can be highly variable and would be a cri¬ 
tical problem in this study because of the low relative humidity on air¬ 
craft and the need to store samples between flight legs. A larger model 
of the SAS that samples at 180 l/mln and has a higher collection effi¬ 
ciency was also considered. But the size of the Instrument precluded its 
use. 


Two types of media, R2 agar (R2A) and Tryptic Soy Agar (TSA) were 
used for collection of microbial aerosols. The R2A supported both 
saprophytic bacteria and fungi. The TSA was included to ensure that humar 
pathogens such as Staphylococcus aureus and Streptococcus pyogenes were 
efficiently recovered. 

To ensure that representative samples were collected and plates 
were not underexposed or overexposed, time-bracketing exposure was done 
at 40, 60, 80, 120 and 180 seconds per collection site, at a flow rate of 
90 l/min. Microbial aerosol samples were collected at two locations in 
the coach section of aircraft on smoking flights and at one sue (center 
of coach) on nonsmoking flights. Samples were collected near the end of 
the flight, prior to descent. 

Ozone was measured by collecting it on treated filters, with 
subsequent laboratory analysis by a spectrophotometrlc method. A number 
of alternative methods were evaluated for unobtrusive measurements of 
ozone during flights. CornnerclaHy available ozone monitors for real-time 
measurmnts of ozone did not meet the criteria for sampling because they 
are large, bulky Instrunents that require A.C. power, require ethylene 
for reaction with ozone, use liquid dyes for reaction with ozone, or have 
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inadequate sensitivity for ambient air measurements. Length-of^staln 
detector tubes for measurement of short-term (grab sample) concentrations 
svere also considered. However, detector tubes have poor accuracy and pre¬ 
cision at low concentrations and the applicability of grab samples for the 
assessment of 020 ne concentration for flights of extended duration would 
be limited. 

The method selected for this study was based on work by Lambert 
et a1. (19S9) on solid sorbents for measurement of oeone. Glass-fiber 
filters were treated with 3-methy1-2‘benzothiazolinone acetone azine and 
2-phenylphenol In 1;4 molar solid mixture prepared according to the method 
of Lambert et a>. (1989). The coated filters were placed in opaque 37-nn 
filter cassette holders. Samples were collected by drawing air across the 
filter at a rate of approximately 1 l/mln. Because aircraft altitude 
could not be measured in this study, a standardized protocol was imple¬ 
mented that Involved sampling during the period from tS minutes after 
takeoff until 30 minutes prior to the scheduled arrival. Collection effi¬ 
ciency and recovery efficiency of each lot of samplers was addressed by 
exposing a subset of each lot of filters to known ozone concentrations at 
low (approximately 10 percent) relative humidity. Both spiked and blank 
filters were included with field samples to address storage and handling 
effects. 


Carbon dioxide was measured during each flight with Itngth-of- 
staln diffusion detector tubes. The diffusion tubes. Dr4‘egcr Carbon 
Dioxide 500/a-0. allow for integrated measurements of COj over periods 
from less than an hour to 6 hours. The tubes had a range from 500 to 
20,000 ppm-hour, making them suitable for the flight durations ancounttred 
in this study. Although real-time monitoring of CO2 concentrations would 
have been preferable, the nondtspersive Infrared analyzers currently 
available with well-documented performance characteristics were too large 
to be used In the unobtrusive Instrument package. 

The detector tubes used In this study were opened after becoming 
airborne (no-sm>king light off). The sample collection was terminated 
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when the no-smoking light was niuminated, at which time the length-of- 
staln was recorded. Resolution of the reading was approximately 125 ppm. 

Air exchange was measured on all flights with a passive 
perfluorocarbon tracer (PFT) method (Dietz and Cote 1982). The method 
employs miniature PFT sources for constant release of tracer gas and 
capillary adsorption tubes (CATs) for sample collection by passive dif¬ 
fusion; no pumps are required. 

PFT sources were carried by half of the members of each flight's 
technician team. The samplers were carried and used by the other half of 
the team, facilitating release and sampling at distinctly different loca¬ 
tions in the aircraft. On nonsmoking flights, a single tracer gas was 
released by the technician sitting near the center of the plane. The CAT 
sampler was deployed by the technician near the rear of the aircraft. On 
smoking flights, samples were collected at two locations in the coach sec¬ 
tion. in the center of the nonsmoking section, and In the boundary section. 
On these fights two different types of perfluorocarbon tracers were 
released In the smoking and nonsmoking sections. Use of the two tracers 
enabled assessment of the transport of air from the smoking section to the 
nonsmoking section of the airliner cabin. 

In addition to instrumentation for measurement of the 5TS con¬ 
taminants and other pollutants described above, the monitoring package 
also Included a thermohygrometer for measurement of temperature and rela¬ 
tive humidity and an analog barometer for cabin pressure. 

The thermohygrometer (Solomat Model 455} was a thin film 
dielectric sensor for measurement of relative humidity (RH) over the range 
from 0 to 100 percent. The accuracy of the sensor 1s ±2 percent with a 
resolution of 0.1 percent RH. Tsnperature was measured with a platinum RTO 
having an accuracy of ±0.5 *C (0.9 *F) and a resolution of 0.1 *C. 

Cabin air pressure was recorded with a Heathermeasure (Model 
7105-A) analog output barometer. The device has i plezoresistive 
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diaphragm sensor for measurements over a range from 600 to 1100 mbar with 
an accuracy of ±0.88 mbar. 

A Metrosonics OL-714 data logger was used in the tnstrunentatlon 
package to record outputs from the CO detector, MINIRAM RSP monitor, 
thermohygrometer and barometer. AH channels were scanned every 
10 seconds and l-m1nute averages were recorded. The data logger was 
downloaded each evening with a personal computer and data were recorded on 
diskettes. 

2.3.2 Configuration of the Monitoring Instrinentatlon Package 

All Instruments selected for use 1n this study were compact and 
lightweight, so that they could be readily configured Into an unobtrusive 
monitoring package In the form of a single carry-on piece of baggage. An 
example of one of the instrumentation packages is depicted in figure 2-2. 

The basic Instrument package Included two continuous monitors (CD 
and HINIRAH]; three low-volime pimps for sample collection; temperature, 
relative himidity, and pressure sensors: and the data logger. The instru¬ 
ment bag was approximately 18 inches long, 9 Inches wide, and 9 inches 
high, and conformed to regulations for carry-on baggage. The total weight 
of the bag with Instrunents was less than 15 pounds. It was typical of 
bags carried by many airline passengers. Probes were Inconspicuously 
located along the edge of the bag near the handles and zippers for Intake 
of air. The package was designed with external switches such that U did 
not need to ba epanad at any time during a flight. 

2.3.3 Instrunentation Testing 

The measurement methods used in this study were standard or 
accepted methods, the performance of which have been documented in scien¬ 
tific literature. The monitoring Instruncnti, such as the CO and the RSP 
monitors, were commercially prodocad with well-docinented performance spe¬ 
cifications from pravlous flald monitoring programs by 6E0MET and other 
researchers, as indicated by the references included previously in 
Table 2-1. 
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For this study. It was necessary to perform electromagnetic com' 
patablllty tests on all of the devices to be used on the aircraft to 
ensure that they did not Interfere with the aircraft navigation or com¬ 
munication systems. These tests were performed by the Federal Aviation 
Administration (FAA) Technical Center's Conmunlcation, Navigation and 
Spectrum Engineering Branch, ACN-210. 

Emission measurements were conducted with the Instrunentatlon 
package located one meter from the receiver antenna. A calibrated antenna 
and a spectrim analyzer were used to receive the radiated emissions and a 
plotter was used to record the data. These emission measurements were 
conducted over a frequency range of 10 kilohertz (kHz) to l gigahertz 
(GHz). Results of the tests showed that even the worst-case emission 
levels measured would not be of sufficient magnitude to Interfere with 
aircraft operations. 

Also Included In the preparation and calibration of Instrianen- 
tatlon for the monitoring program were exposures of the MINIRAH optical 
particle monitors to ETS-generated RSP to derive calibration equations 
specific to ETS-generated RSP. A scries of three exposures was performed 
In a controlled environment test chamber with relatively constant ETS-R5P 
concentrations generated by hunan smokers at low, moderate, and high 
smoking rates. A second set of tests was conducted In a closed office, 
where ETS-RSP was generated Intermittently to obtain varying RSP con¬ 
centrations during the measurement period. The MIMIRAMs, fitted with the 
10 nrn cyclone to remove particles larger than 3.5 )in diameter, were co¬ 
located with a TSt Model 8510 ptezobalancc and a triplicate set of gravi¬ 
metric filter samplers during each of the five tests. Measurements were 
made approximately once every 10 minutes with the piczobalancc over each 
3- to 4-hour test period for comparison to the MINIRAH readings. Results 
of the plezobalancc and MINIRAM measurements were also Integrated over the 
3-hour period for conparlson to the Integrated gravimetric sampla. 

As shown in Table 2-5, the Integrated average concentrations of 
RSP measured with the piczobalance over the duration of each test were 
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TABLE 2-5. RESULTS OF TESTS COMPARING RSP MEASUREMENTS WITH 
GRAVIMETRIC METHOD. PIEZOBALANCE. AND MINiRAMS 


Test 

Number 

Average yg/m^ for Method 

Gravimetric* 

Piezobalanee** HINIRAM*** 

1 

169.3 ± 57.0 

191.1 

162.0 t 21.B 

2 

126.4 i 22.4 

140.6 

89.5 ± 17.3 

3 

56.a ± 20.3 

06.7 

62.8 ± 15.4 

4 

170,2 t 39,5 

214.2 

176.1 ± 20.2 

5 

149.4 ± 16.1 

261.3 

206.0 ± 17.5 

Average 

134.4 

178.0 

139-3 

* Average ± 

Standard deviation 

for triplicate 

samples collected during 


test 

** Integrated average concentration over the duration of the test 
**• Integrated average ± standard deviation for multiple Instruments 
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higher than both the HINIRAM and gravimetric measurements in an five 
tests. The HINIRAM average readings ranged from 64 to 86 percent of the 
average readings with the piezobalance. The integrated average minirak 
concentrations did not exhibit a bias with respect to the gravimetric 
measurements, with the MINIRAM measurements being higher In one case, 
lower In two cases, and nearly the same In the other two cases. 

A linear regression was performed of the MINIRAM measurements 
against the piezobalance measurements to derive the calibration equations 
for the real-time optical measurements with each of the eight minirams 
used in the study. Piezobalance measurements were used (1) to maximize 
the nianber of observations and measurement range underlying the regression 
equation and (2) for comparability to other ETS field studies In which 
piezobalances were used for near real-time measurements (Repace 1987). 

For this regression procedure, the measurement obtained by the piezoba¬ 
lance was treated es the independent verlable and the MINIRAN measurement 
as the dependent variable. For the eight units, the calibration equations 
for the HINIRAM (after rearranging algebraically to predict NINIRAM con¬ 
centrations relative to the piezobalance as the reference device) had 
slopes that ranged from l.Ofl to 1.33 and the Intercept ranged from 0 to 
12 iig/m3. The R-squared value for all eight equations was greater than 
0.95. The specific equation for each unit was used during data processing 
to calculate RSP concentrations measured continuously during each flight. 
As noted by Repace (1987). the piezobalance method may overestimate par¬ 
ticle mass at low aerosol concentrations due to artifact formations in the 
Corona discharge. Consequently, MINIRAM mass astlmates were referenced to 
the gravimetric method by multiplying the calibrated results by 0.75, the 
ritlo of gravimetric to piezobalance results from the chamber tests 
(Table 2-5). 
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2.4 SgLECTIOW OF FLIGHTS TO BE MONITORED 


2.4.1 Alternative toproachts 

Alternative approaches to selecting flights can vary according to 
features such as (1) completeness of the sampling frame (I.e., set of 
flights from which the sample is to be selected), (2) degree of stratifi¬ 
cation of flights {I.e., placement Into categories) prior to selection, 

(3) extent to which randomization Is used In selecting flights, and 

(4) associated costs and logistics. Three basic approaches covering the 
range of alternatives were considered for the study: 

• Sample of flights to and from a fixed location 

• Stratified sample of flights 

• Sample of flights selected with equal probabilities. 

All three approaches Included the notion of randomization. For 
exanple, for the approach Involving flights to and from a fixed location 
such as Washington, O.C., the other locations (airports) could be selected 
at random. Thus, this set of flights would Involve round trips to and 
from Washington, O.C. The main advantages of the approach would be lower 
fares associated with round trips and relatively simple field logistics. 
Because each trip would begin and end In Washington. D.C., the costs asso¬ 
ciated with hotel acconmodatlons and time between nights could also be 
minimized. Despite these attractions, this approach was dismissed because 
of the possibility that the relatively narrow sampling frame could result 
In substantial biases. For example, flights departing from or arriving at 
Washington, O.C., could have different smoking rates, levels of biological 
contamination, or ozone levels than flights Involving other points of 
departure or arrival. 

A stratlflad sample of flights would Involve grouping flights by 
major factors expected to cause variations In concentrations before 
selecting flights within each group at random. Such factors would Include 
type of etrcraft (reflecting differences In cabin voliina, passenger 
capacity, air exchange rates, and extent of air recirculation) and 
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geographic area (reflecting different flight paths and possibly differen¬ 
ces In ground-level biological contajnlnation or passenger snwicing rates). 
Major advantages of this approach would be (1) the ability to represent 
various types of flights and (2) greater control over potential factors 
affecting measured concentrations. 

The stratified sampling approach would essentially involve 
defining strata representing different types of aircraft (e.g., narrow 
body and wide body} and different points of departure (e.g., four 
geographic regions). For an Initial subset of flights, each stratum would 
be represented either equally or In proportion to the number of departing 
flights. Based on a review of the initial results, the strata with the 
largest variances could be represented more heavily in the next subset of 
flights to achieve a more efficient sampling design. The ultimate sample 
of flights chosen in this manner would have known but unequal selection 
probabl1itles. 

The stratified sampling approach was also rejected, primarily 
because the need to review initial results would Jeopardize the study 
schedule. Due to time lags associated with laboratory analysis of 
samples, at least one to two months would be required after monitoring the 
Initial subset of flights for receipt of laboratory results, analysis of 
these results, and corresponding adjustments to the sampling design. 
Because some of the field technicians were hired and trained specifically 
for this project and the study had an extremely tight time schedule, such 
a hiatus In the field effort could not be entertained. 

The approach chosen for this study was to randomly sample flights 
with equal probabilities of selection. This approach Involved developing 
a list of all flights originating In the United States and selecting 
■ flights at random from this list# Through reliance on randomization, this 
approach has a high likelihood of representing various types of flights. 
Through use of quota sampling (described later), constraints can also be 
Introduced to guarantee that different types of aircraft are represented. 
Further advantages of this approach are (l) that development of parameter 
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estimates (e.g.. mean concentration, variance about the mean, or propoc' 
tion of flights with a peak concentration above a certain level) is ver> 
straightforward and (2) any modifications to the overall sample size 
needed to ecconmodate resource constraints can be accomplished by 
expanding or contracting the set of flights selected for monitoring, 
without invalidating the overall sampling design. 

2.4.2 Imp lamentation of the Chosen Approach 

One possible drawback of the chosen approach (and of the stra> 
tifled approach as well) is potential mefflclences in linking together 
the flights selected for monitoring. For example, if the first flight 
selected were from New York to Dallas and the second flight selected were 
from Denver to Atlanta, then additional resources would be required to 
transport the field team from Dallas to Denver for monitoring of the 
second flight. This Interim flight could not be legitimately monitored 
because 1t was not part of the random sample of flights selected for moni¬ 
toring. The approach described below was designed to reduce this type of 
inefficiency yet constitute an equal-probablllty-of-selectlon method 
(EPSEM) (Kish 1965). 

With recognition that each flight Involving a U.S. airport Is 
uniquely associated with a specific airport of departure, a random sample 
of flights can be selected in a different yet virtually equivalent manner. 
For example, If the nunber of flights scheduled for a given month Is 
100,000 and the nunber of flights to be monitored Is 100, then the proba¬ 
bility of selection for any flight Is 1/1,000. If an airport is first 
selected at random with a probability proportional to the number of 
flights (n) departing from this airport and a specific flight departing 
from the airport Is then chosen at random as one of the 100 flights to be 
monitored, then the probability of selection (p) for that flight can be 
expressed as follows: 

p - 100 X (n/lOO.OOO) X (1/n) > 1/1,000 

With this approach, the probability of selection (1/1,000) is 
still the same for any flight, regardless of the airport of departure. 
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However, the approach offers the added advantage that all airports of 
departure can be randomly chosen at the outset, after which Individual 
flights can be randomly selected. By Imposing the further constraint that 
the flights chosen for monitoring link the randomly selected airports of 
departure, the efficiency of the sample can be greatly Increased while 
maintaining a randomized procedure for flight selection. 


Operationally, this procedure required the following steps: 


• A set of airports of departure was chosen at random wUh 
probabilities proportional to the number of flights 
departing from each airport; this step was performed separ. 
ately for 120 airports for smoking flights and 40 airports 
for nonsmoking flights; sampling was performed with replace¬ 
ment, such that any airport could be chosen more than once. 

• Chains of smoking and nonsmoking flights were randomly 
constructed by initially choosing an airport at random from 
the set as the starting point, then choosing a second air¬ 
port of departure from the set at random; for smoking 
flights, the second airport was chosen subject to the 
constraint that the flight from the first to the second air¬ 
port be of sufficient duration to be a smoking flight; for 
nonsmoking flights, the second airport was chosen subject to 
the constraint that the flight be of shorter duration (l.e., 
less than two hours); this process was continued by applying 
similar constraints in selecting the third airport, and so 
on. 


Chains of flights lasting approximately six days were constructed 
1n the manner described above. Some of the chains consisted of a series 
of smoking flights followed by a series of nonsmoking flights; this 
approach was taken so that a team of four technicians responsible for 
monitoring smoking flights could later split Into two teams of two tech¬ 
nicians for monitoring nonsmoking flights (sec Section 2.S). By design, 
some of the smoking flights involved international destinations; In these 
cases, the entire chain Involved only smoking flights. Further details on 
selection of airports and construction of chains are provided below. 

Selection of Airports . In constructing chains of flights, dif¬ 
ficulties would be encountered If relatively small airports were Included, 
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because (1) the niiiter of other airports with which smaller airports con¬ 
nect ls limited and (2) the distances flown from smaller airports are 
generally short, making It difficult to find smoking flights Involving 
such airports. Consequently, candidate airports for selection were 
restricted to those located In large and medium air traffic hubs (i.e., 
communities accounting for at least 0.25 percent of the total enplaned 
passengers In all services and operations in the United States). 

According to airport activity statistics compiled by the U.S. Department 
of Transportation (1987), these hubs collectively accounted for more than 
90 percent of all passenger enplanements In the United States during the 
IZ-month period ending December 31, 1987. Within these hubs, the sampling 
frame was further restricted to 70 Individual airports that Individually 
accounted for at least 0.25 percent of 1987 U.S. enplanements. These 
70 airports collectively accounted for slightly less than 90 percent of 
1987 U.S. enplanements. 

For smoking flights, a total of 120 points of departure were 
selected--102 departure points for domestic flights and 18 points of 
departure or arrival for international flights. A magnetic tape con¬ 
taining records for all flights scheduled to depart from U.S. airports 
during January 1989 was obtained from the U.S. Department of Transporta¬ 
tion and used to tabulate departures from each airport for domestic 
smoking flights, domestic nonsmoking flights, and international flights. 
Domestic smoking flights were defined as follows: 

• Flights of greater than two hours duration for all carriers 
except United and Northwest Airlines 

• Flights for United Airlines of greater than 1,000 miles 
distance 

• Flights for Northwest Airlines involving an airport In 
Hawaii as the port of arrival or departure and an airport In 
the continental United States as the other port. 

These definitions are generally consistent with smoking/nonsraoking 
designations made by major U.S* airlines, international flights were 
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readily Identifiable from a special code provided In the data base. All 
remaining flights (I.e.. those that were not domestic smoking flights or 
not International flights) were defined to be domestic nonsmoking flights. 

The 102 points of departure for domestic smoking flights were 
chosen In accordance with the proportion of smoking flights for which each 
airport accounted, as tabulated from the data base provided by DOT; that 
is, the proportion was multiplied by 102 and rounded to the nearest whole 
number to determine the number of times that the airport should appear in 
the sample as a point of departure. Thus, apart from differences due to 
rounding, the sample of 102 points of departure to be used for domestic 
smoking flights In this study represented airports In virtually the same 
proportion as these airports were represented by domestic flights 
departing during January 1989. 

In total, 47 airports were selected as departure points (see 
Table 2-6); of these, 25 airports appeared once In the sample, five 
appeared twice, 10 appeared three times, three appeared four times, and 
four appeared five or more times. Dallas-Ft. Worth (DFW) International 
airport appeared the most times (nine) because Its location In the 
southern central part of the country resulted in many flights of suf¬ 
ficient duration to allow smoking. Including flights to the east and west 
coasts as well as to locations In the northeast and northwest regions of 
the country. In some cases, Individual cities were represented by more 
than one airport (e.g., Los Angeles by LAX, OUT, and SNA). 

International flights were Included in the sample to provide 
flights of greater duration, and possibly with different smoking rates 
than domestic smoking flights. As suttmarlzed in Table 2-7, fewer than 
10 percent of the domestic smoking flights were of a 5-hour or greater 
duration, whereas more than a third of the international flights were of 
this duration. Expressing International flights of a 5-hour or greater 
duration (approximately 10,000) as a ratio to all domestic smoking flights 
(approximately 122,000) indicates that nine International flights should 
be monitored (compared to 102 domestic smoking flights) to preserve this 
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Table 2-6. Airports of Departure Chosen for Domestic Flights 


Airport (City) 

Number of 
Flights 

Airport (City) 

Number o 
FI Ights 

Smoking Flights 




OFW (Dal las) 

9 

BOL (Hartford) 

1 

ORD (Chicago) 

6 

BNA (Nashville) 

1 

DEN (Denver) 

5 

BWI (Baltimore) 

1 

LAX (Los Angeles) 

5 

CLE (Cleveland) 

1 

ATL (Atlanta) 

4 

CLT (Charlotte) 

1 

EWR (Newark) 

4 

CVG (Cincinnati) 

1 

LGA (New york) 

4 

DAY (Dayton) 

1 

BOS (Boston) 

3 

OTH (Detroit) 

1 

lAH (Houston) 

3 

HNL (Honolulu) 

1 

JFK (New York) 

3 

HOU (Houston) 

i 

MCO (Orlando) 

3 

lAD (Washington, DC) 

1 

MIA (Miami) 

3 

IND (Indianapolis) 

1 

PHL (Philadelphia) 

3 

LAS (Las Vegas) 

1 

PHX (Phoenix) 

3 

MCI (Kansas City) 

1 

SEA (Seattle) 

3 

MOW (Chicago) 

1 

SFO (San Francisco) 

3 

MSP (Minneapolis) 

1 

STL (St. Louis) 

3 

MSY (New Orleans) 

1 

DCA (Washington, DC) 

2 

ONT (Los Angeles) 

1 

FLL (Ft. Lauderdale) 

2 

P6I (West Palm Beach) 


PIT (Pittsburgh) 

2 

POX (Portland) 

* 

SLC (Salt Lake City) 

2 

ROLI (Raleigh) 

1 

TPA (Tampa) 

2 

RSW (Ft. Myers) 

1 



SAN (San Diego) 

1 



5JC (San Jose) 

1 



SNA (Los Angeles) 

1 

Nonsmoking Flights 




ATl (Atlanta) 

3 

DEN (Denver) 

1 

ORD (Chicago) 

3 

EWR (Newark) 

1 

DFW (DallaO 

2 

HOU (Houston) 

1 

OTW (Detroit) 

2 

lAD (Washington, DC) 

1 

LAX (Los Angeles) 

2 

LAS (Las Vegas) 

1 

MSP (Minneapolis) 

2 

LGA (New York) 

1 

PIT (Pittsburgh) 

2 

MCI (Kansas City) 

1 

SFO (San Francisco) 

2 

MCO (Orlando) 

1 

6NA (Nashville) 

1 

MEM (Memphis) 

1 

BOS (Boston) 

1 

PHL (Philadelphia) 

1 

SWI (Baltimore) 

1 

PHX (Phoenix) 

1 

CLE (Cleveland) 

1 

ROU (Raleigh) 

1 

CLT (Charlotte) 

1 

SAN (San Diego) 

1 

CVG (Cincinnati) 

1 

SLC (Salt Lake City) 

1 

DCA (Washington, DC) 

1 

STL (St. Louis) 

1 
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TABLE 2-7. FREQUENCY DISTRIBUTION* BY FLIGHT DURATION FOR DOMESTIC 
SWOlCINC FLIGHTS AND INTERNATIONAL FLIGHTS DEPARTING FROM 
U.S. AIRPORTS 


Duration of 

Flight (Hours) 

Percentage 

of Flights 

Domestic Smoking 

International 

(Smoking) 

<2.0 


23 

2.0 - Z.49 

34 

8 

2.5 - 2.99 

27 

10 

3.0 - 3.99 

22 

16 

4.0 - 4.99 

10 

6 

25.0 

7 

37 

Total 

100 

100 


*8ased on 122,434 domestic smoking end 27,249 international 
scheduled flights for January 1989; smoking was permitted 
on all International flights monitored In this study. 
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ratio in the study sa/nple. However, in recognition that the statistics in 
Table 2~7 represent only International flights departing from the United 
States (1*e., excluding the arriving flights), the number of International 
flights to be monitored was doubled to 18, yielding a total sample of 
IZO smoking flights to be monitored. 

U.S. airports of departure/arrival for international flights were 
chosen in proportion to their relative frequencies during January 1959 for 
such flights, as determined from analysis of the data file provided by the 
Department of Transportation. International destinations were then chosen 
from the most frequent destinations for the chosen U.S. airports. As with 
the domestic smoking flights, some airports were chosen more than once. 

The chosen U.S. airports and associated International destinations are 
sumarlzed In Table 2-8. The only constraint In choosing the Inter¬ 
national destinations was that each destination be used an even nunber of 
times {t.e., once to serve as an airport of arrival and once to serve as 
an airport of departure). The International arrival/departure points 
included London for six flights, Frankfurt and Tokyo for four flights 
each, and Paris and Rio de Janeiro for two flights each. 

Points of departure for nonsmoking flights were determined in the 
same manner as for smoking flights—by (1) calculating the proportion of 
nonsmoking flights represented by each airport of departure, as tabulated 
from the data base provided by DOT and (2) multiplying this proportion by 
40 and rounding to the nearest whole number. In total, 30 airports were 
selected as departure points (see Table 2-6); of these, 22 airports 
appeared once In the sample, six appeared twice, and two appeared three 
times. 
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TABLE 2-8. U.S. AIRPORTS OF DEPARTURE/ARRIVAL CHOSEN FOR 

INTERNATIONAL FLIGHTS AND ASSOCIATED INTERNATIONAL 
DESTINATIONS 


Airport (City) 

Number 
of Flights 

Associated International 
0est1nat1ons(5) 

JFK (New York) 

5 

Frankfurt, London (2), Paris, 

Rio de Janeiro 

ATL (Atlanta) 

2 

Frankfurt, London 

OFH (Dallas) 

Z 

Frankfurt, London 

HNL (Honolulu) 

2 

Tokyo (2) 

BOS (Boston) 

1 

London 

CVG (Cincinnati) 

1 

London 

LAX (Los Angeles) 

1 

Tokyo 

MIA (Miami) 

1 

Rio de Janeiro 

ORO (Cnicago) 

1 

Frankfurt 

RDU (Raleigh) 

1 

Paris 

SFO (San Francisco) 

1 

Tokyo 
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Construction of Chains . As mentioned previously, two types of 
chains were developed: 

• Chains Involving domestic smoking flights and International 
flights 

• Chains Involving domestic smoking and nonsmoking flights. 

Six chains were initially developed using a subset of airports drawn from 
the randomly selected pool of 102 airports of departure for domestic 
smoking flights, 16 airports of departure/arrival for International 
flights, and 40 airports of departure for domestic nonsmoking flights. 
One-third of the airports (i.e., 34 for smoking flights, 6 for Inter¬ 
national flights, and 13 for nonsmoking flights) were chosen at random 
from the larger pool as a basis for constructing these six initial chains. 
Based on the costs incurred in monitoring this Initial subset of flights, 
it would then be possible to determine the number of additional flights 
that could be monitored with the remaining resources. 

The distribution of flights (I.e., domestic smoking, Inter¬ 
national, nonsmoking) for each of the Initial six chains is sunmarlzed In 
Table 2-9. All chains included domestic smoking flights; three of the 
Chairs also included International flights and the other three chains also 
Including nonsmoking flights. Each chain began with an airport of depar¬ 
ture for a smoking flight. 

An examplt chain that included International flights Is shown in 
Table 2-10. The type of flight is Indicated in the first column as 
S (domestic smoking), I (international) or P (positioning). Positioning 
flights were needed to transport field technicians from Washington, DC to 
the first airport of departure for the chain and from the final airport of 
arrival back to Washington; these flights were not monitored. Boston was 
randomly selected as the first airport of departure for this chain, 
requiring an initial positioning flight from Washington to Boston. The 
only other constraint in constructing the chain was that the last smoking 
flight end at an airport of departure for the first international flight; 
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TABLE 2-9, DISTRIBUTION OF FLIGHTS TO BE MONITORED FOR THE FIRST 

SIX flight chains developed for the study 


Number of FIIghts 


Domestic International 

Cham SmoXing (Smoking) Nonsmoking 


A 6 

B 7 

C 6 

D 5 

E 5 

F -5 

Total 3^ 


2 

2 

2 

6 


5 

3 

5 


13 
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TABLE 2*10. ILLUSTRATIVE CHAIN INVOLVING INTERNATIONAL FLIGHTS 


Type of 
Flight* 

Day of 
Monitoring 

Airport of 
Departure 

Airport of 
Arrival 

Local Time 
of Departure 

Local Time 
of Arrival 

Duration 
(Hours) 

p 

1 

DCA 

BOS 

8:40 

10:00 

l.;i3 

s 

1 

605 

MCO 

12:15 

15:04 

2.81 

s 

2 

MCO 

DFW 

7:08 

8:50 

2.70 

s 

2 

OFW 

ORO 

11:05 

13:18 

2.22 

s 

3 

ORO 

DFW 

7:39 

10:01 

2.37 

s 

3 

OFW 

JFK 

12:05 

16:38 

3.53 

I 

4 

JFK 

FRA** 

18:45 

8:20 

7.58 

I 

6 

FRA 

ORO 

14:25 

17:05 

0.67 

p 

6 

ORD 

OCA 

19:20 

21:58 

1.63 


• P - pesitiontng flight (not irwnltored); S • domestic smoking flight; 

I ■ international flight 
•• Frankfurt 
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this airport was randomlj^ selected from the two {JFK and ORO) associated 
with the international destination (Frankfurt) that was randomly chosen 
for this chain. A final positioning flight was required to transport the 
field team from the last arrival point (Chicago) to Washington. 

In most cases, two domestic smoking flights could Oe monitored 
per day (the first day was an exception because of the need for a posi* 
tlonlng flight). The domestic smoking flights for this chain ranged in 
duration from 2.2 to 3.6 hours. 8y comparison, both International fiignts 
were close to eight hours 1fl duration, meaning that only one such flight 
could be monitored per day. In addition, due to the relatively long 
flight duration coupled with required pre> and post-fUght duties, the 
technicians remained at the International destination for a day before 
monitoring the return flight. 

An example chain that included nonsmoking flights 1$ shown In 
Table 2-11. Six smoking flights and five nonsmoking flights were moni¬ 
tored for this chain. A positioning flight was required to get the tech¬ 
nicians from Washington to the starting point for the chain (Lc Guardia 
airport In New York). The last smoking flight was constrained to arrive 
at an airport of departure (San Francisco) for a nonsmoking flight. 

Because the team of four technicians split into two teams of two tech¬ 
nicians (designated A and 8 In the table) and San Francisco could be used 
as a departure point for only one flight, e positioning flight was 
required to transport the B team to Kansas City (HCI), the other randomly 
selected starting point. The B team's last monitored flight ended in 
Washington but the A team's last monitored flight ended tn Denver, 
requiring a positioning flight to return them to Washington. The smoking 
flights had durations ranging from 2.1 to 4.2 hours and the nonsmoking 
flights ranged In duration from 0.7 to 2.2 hours. Thus, the longest 
nonsmoking flight exceeded two hours, but the carrier (United) has a 
nonsmoking policy for flights of fewer than 1,000 miles. 

In monitoring the first six chains. It was found that the 
resources required for the field team were nearly double those antlcl- 
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TABLE 2-11. ILLUSTRATIVE CHAIN INVOLVING NONSNO*CING FLIGHTS 


Type of 
Flight* 

Day of 
Monitoring 

Airport of 
Departure 

Airport of 
Arrival 

Local Time 
of Departure 

Local Time 
of Arrival 

Duration 

(Hours) 

P 

1 

lAO 

LGA 

7:00 

7:59 

0.98 

S 

1 

LGA 

MIA 

9:30 

12:30 

3.00 

S 

2 

MIA 

PHL 

7:15 

9:53 

2.63 

s 

2 

PHL 

ATL 

12:30 

14:36 

2.10 

s 

3 

ATL 

SLC 

11:49 

13:35 

3.77 

s 

3 

SLC 

MSP 

IB: 25 

19:46 

2.35 

s 

4 

MSP 

SFO 

8:20 

10:33 

4.22 

N-A 

4 

SFO 

SAN 

12:50 

14:16 

1.47 

N-A 

4 

SAN 

LAX 

16:30 

17:14 

0.73 

N-A 

5 

LAX 

DEN 

8:00 

11:13 

2.22 

P-A 

5 

OEM 

lAD 

13:25 

18:52 

3.45 

P-B 

4 

SFO 

MCI 

12:00 

17:11 

3.18 

N-S 

S 

MCI 

BHA 

12:47 

14:16 

1.48 

N-B 

5 

BNA 

lAD 

18:20 

20:56 

1.60 


•P ■ posUiontna flight (not monitor*d); S • domestic smoking flight; 

N • domestic nonsmoking flight; A and 6 Indicate teams of two technicians 
each from the starting team of four technicians. 
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pated, due to (1) fare Increases, (2) the resources required for posi¬ 
tioning flights, (3) night delays that generally increased layover times 
when multiple flights were monitored on a single day, and (4) technician 
activities at the end of each monitoring day and at the end of each chain. 
It was determined that the remaining resources enabled monitoring of 
39 additional flights; these flights were divided among four chains, as 
summarized In Table 2-12. In total, 92 flights were monitored—69 smoking 
flights (Including eight International flights) and 23 nonsmoking flights. 

2.5 NONITORING PROTOCOL 

2.5.1 MonUerlnq Locations 

During the program, teams of four technicians performed air 
quality monitoring on smoking flights. Teams of two technicians performed 
the monitoring on nonsmoking flights. 

Air quality monitoring was performed by each technician at an 
assigned scat. Technicians could not move about the aircraft to perform 
any measurement activities. The four monitoring locations selected on 
each smoking flight included the following; 

• Coach smoking section 

• Nonsmoking section—boundary (within three nonsmoking rows 
of the coach smoking section) 

• Nonsmoking section—middle 

• Nonsmoking section—remote (I.e., most remote rows from 
the coach smoking section, except on international flights, 
on which scat was in business class). 

Examples of the target monitoring locations for three different 
types of aircraft are depicted In Figure 2-3. Some aircraft, such as the 
Boeing 747 and DCIO, sometimes have the coach smoking section In the front 
of the coach nonsmoking section. As shown tn the figure, the monitoring 
location In the smoking section was generally near the rear of the section 
to facilitate accurate counting by the technician of smoking during the 
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TABLE 2-12 DISTRIBUTIOK OF FLIGHTS TO BE MONITORED FOR THE LAST FOUR 
■ flight chains developed FOR THE STUDY 


Chain 


Number of Flights 


Domestic 

Smoking 

International 

(Smoking) 

Nonsmoking 

G 

6 


5 

H 

6 

— 

S 

I 

5 

2 

V * 

J 

10 

— 

— 

Total 

27 

2 

10 
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Re«t a. »i*t» . R«** «<t. n-ta. aa-sr no*. «. »7-at 


I-1 Smoking Stetlon Nonamoklng S«ctlon-Hlddle 

Boundary Stetlon Ql Nonsmoking Sact1on*Renott 

V 

FIGURE 2-3. TARGET MONITORING LOCATIONS FOR THREE TYPES OF AIRCRAFT 
(SMOKING FLIGHTS) 
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flight. Tht target boundary monitoring location was within three rows of 
the smoking section. Although technicians in the boundary section were 
assigned seats In advance of the flight, they were Instructed to change 
seats if the size of the smoking section was modified at the time of 
passenger check-in In order to stay within three rows of the smoking sec¬ 
tion. Technicians were not assigned to the first-class section, but the 
remote location in the coach section was to be within two to four rows of 
first class. Technicians could not sit in the first row of the coach sec¬ 
tion or at any bulkhaad seats because the Instrument package needed to be 
stored under a seat In front of them for takeoff and landing. 

On International flights, which were all smoking flights, ont 
tachniclan was located In the nonsmoking portion of the business class 
section. This location was used Instead of the nonsmoking remote loca¬ 
tion. The size of the business class section on international flights is 
significant and It usually has multiple rows allocated to smoking. The 
nimiber of smokers and their close proximity to nonsmokers warranted moni¬ 
toring in this section. 

On nonsmoking flights two locations were monitored. Those loca¬ 
tions corresponded to the locations depicted In Figure Z-3, labelled as 
(1) nonsmoking section—middle and (2) smoking section. 

Within each assigned section, the seat was selected randomly so 
that middle, aisle, and window seats would each be represented during the 
study. 


During tha flight, the monitoring Instrienentation package was 
placed on the technician's lap or the seat lap tray, resulting In measure¬ 
ments at a height within approximately 12 Inches of the technician's 
breathing zone. The technician was allowed to place the monitoring 
package on an adjeeent unoccupied seat to facilitate trips to the lavatory 
or eating on longer flights. The Instrunent package was stowed under the 
scat during takeoff and landing. However, as described In a following 
subsection, this period did not Include the period of Integrated measure- 
mants of n1cotint and RSP. 
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ET5 contajnlnants «nd the physical parameters were measured at all 
locations on each flight. However, the other pollutants were measured at 
a subset of locations, as surmarlzed In Table 2'13. 

2,5.2 Monitoring Schedule 

Field monitoring activities for this study were initiated in 
March 1989, by conducting a pretest that Included four flights over a 
3-day period. Details of the pretest are described in Section 2.6. 

The formal monitoring program was Initiated on April 4, 1969. 

Two teams of four technicians each performed monitoring on ten chains of 
flights. Each chain covered periods of 5 to 0 days with 7 to 12 flights 
per chain. International flights were Included In some chains. 

Monitoring continued during May and was completed In June 1989. A total 
of 92 flights were monitored over a period of approximately ten weeks. 

Chains were started on each of the seven days of the week to pro-> 
vide full temporal coverage on a weekly basis. Chains also varied in 
duration, such that the technician's day of return to the Washington, DC 
area also spanned the range of the seven days of the week. 

Temporal representation of the time of day for flights was 
achieved in the study by scheduling departures over a complete range of 
times from early morning to early evening, 

2.5.3 Field Monitoring Protocols 

Field monitoring protocols were developed to ensure uniform 
operational procedures by the technicians during the performance of the 
monitoring program. Conformance to these protocols was documented in 
'Dally Log* docianentatlon forms completed by each technician on each day 
of monitoring. 
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TABLE 2-13. SUMMARY OF MEASUREMENT LOCATIONS FOR EACH PARAMETER 



Measurement Locations (Section) 


Smoking Flights 


Nonsmoking Flights 

Parameter 

Smoking 

Boundary 

NS*-N1dd1e 

MS*-Remote** 


Smoking*** 

N5*-M1ddle 

Nicotine 

X 

X 

X 

X 


X 

X 

RSP (Integrated) 

X 

X 

X 

X 


X 

X 

RSP (continuous) 

X 

X 

X 

X 


X 

X 

CO 

X 

X 

X 

X 


X 

X 

O 3 


X 

X 




X 

CO 2 

X 


X 




X 

Fungi 

X 


X 




X 

Bacteria 

X 


X 




X 

Temperature 

X 

X 

X 

X 


X 

X 

Relative Humidity 

X 

X 

X 

X 


X 

¥ 

Cabin Pressure 

X 

X 

X 

X 


X 

¥ 

PFT 1 release 




X 



¥ 

PFT 2 release 

X 







PFT Sampler 


X 

X 



X 



*NS: non»iK)k 1 ng 

••Seat In business class section on International flights 
•••In the section where smoking would be allowed on flights over 2 hours. 
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The 'Dally Log' used for documenting field activities was divided 
into the following five sections that were bound into a single booklet; 

• Start of Day Documentation Log 

• Flight Documentation Log (1st Flight) 

- Pre-Flight 

- 1st Flight 

- Post-Flight 

• Flight Ooctwentatlon Log (2nd Flight) 

• Flight Documentation Log (3rd Flight) 

• End of Day Documentation Log. 

The following sunmary of the operational protocol for the field 
monitoring activity includes examples of pages from the log to describe 
the operational procedures. 

The dally activities for the monitoring program can be broken 
Into these categories: 

• Start of Day preparations 

• Monitoring of flights 

• End of Day calibrations, mstriinentatlon checkout, sampler 
handling, and chain of custody procedures. 

Figure 2-4 depicts a page from the Start of Day Documentation 
Log that shows the types of checkout activities that occurred at the start 
of each day. These ectivltles Included the following: 

• Progrannlng of the data logger 

« Checkout and zero reading of the MINIRAM 

• Operational checkout of the CO monitor 

• Operational checkout of the temperature, relative hunidity, 

and pressure sensors 
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START OF DAY DOCUMENTATION LOG 


Page 2 of 3 


Date: / / Tech; 


(3) MINIRAW Checkout 

[ ] Press TIME and MEAS to get C.GO 
[ 3 Turn on pump (Switch 3) 

[ 3 Check that pump Is operating 
[ 3 Osta logger to CHI 
[ 3 Wait 2 minutes 

C 3 CHI Readings: _mV, _^mV, _mV 

[ 3 Previous night's zero reading was: mV 

[ 3 Check ptfif) Pattery (If light does not come on or 
Low Batt displayed, replace battery.) 

Battery Otc? [ 3 i'** C ] Ho 
If no, battery replaced? [ ] Yes C 1 Ho 
[ 3 Turn pump OFF 
C 3 Turn MINIRAW OFF 

(^) CO Detector Checkout 

[ 3 Turn OH 
[ 3 Battery OK? 

C 3 Data logger to CH2 
[ 3 Walt 2 minutes 

[ 3 CH2 readings:^_mV, _mV, _mV 

[ 3 Detector pane) meter reading:_ppm 

i 3 Turn detector OFF 

(5) Solomat Checkout 

[ 3 Solomat ON (Switch 1) 

[ 3 Data logger to CH3 

[ 3 CH3 readings:_^F, _F, _F 

[ 3 Press NEXT on data”)ogger for CH4 

C 3 CH4 readings:_rh,_rh, _rh 

[ 3 Turn Solomat CTT ~ 


SDL02 (3/29/89) 


FIGURE 2-4, EXAMPLE OF PAGE 2 OF THE START OF DAY DOCUMEHTATIOH LOG 
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operational checkout of all pumps 
Operational checkout of the microbial aerosol sampler 
Inventory of samplers for the day 
Final preparations for the day's flljhts. 

All "Start of Oay" preparations were performed at the technician's hotel 
Just prior to departure for the airport. 

After arrival at the airport, check-ln of luggage, and passage 
through security, the technician proceeded to the boarding area to perform 
pre-flight activities. Pre-flight activities, sutimarized on page 1 of the 
FLIGHT DOCUMENTATION LOG (Pre-FlIght}, depicted In Figure 2-5, Included 
the following: 


• Sampler identification nimbers were recorded on the log 

• The nlcotlne/ftSP sampling cassetta was loaded on the cyclone 
assembly 

• The ozone cassette was Installed 

• PFT sources and samplers were logged, as appropriate 

• The temperature, relative hmidlty, and pressure sensors 
were turned on 

• The HlNlftAM and CO detictors were turned on 

• The operational status of the data logger was verified. 

As part of the pre-flight activities, the technicians In the 
boundary and smoking sections also checked their seat locations at the 
gate in case the size of smoking section was changed during gate check-in. 

Technicians boarded the planes as regular passengers, with no 
special pre-boarding riquirements. Aftar taking their scats, the tech¬ 
nicians began sampler deployment, monitoring and documentation activities. 
The operational protocol for each flight Is suimarlzed In Table 2-14. The 
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flight OXUMENTATIOH log (Pre-Flight) Page 1 of 
{Ijt Flight) 

Airline; __ Flight No.: _ 

Date: _/_/ Tech: _ 

fPrepare New Sanplers | 

(1) Nicotine Cassette ntwber: _ 

C 3 Bottom of cassette faces up 

[ ] Cyclone assembly locked in place 

[ ] All sampling lines connected (Inlet'*cyc1one-*pump} 

[ ] Sample line inlet capped 

(2) CO 2 Diffusion Tube nuiter: ___ 

(3) Ozone Cassette number; __ 

(4) CM Sampler number; __ 

(5) PM Sources with this package: 

C 3 None 

[ 3 Silver (NS S sections) 

C 3 Blue (NS only) 

C 3 Lime (5 only) 

I Turn ON Sensorn Time: ___ ____ 

[ 3 Soiomat ON (Switch 1) 

C ] Pressure sensor ON (Switch 2) 
c ] MINI RAM ON [TIM£ * WAS) 

C 3 CO detector ON 

[ 3 Is the data logger collecting data (displays L)? 

C 3 Yes C 3 No 

[ 3 If no. reprogranmed to start at: 

C 3 Js battery OK? (Change If Low BatteryTs“dTs^ye3T 

Comments: _ 


F0L02 (3/29/89) 


FIGURE 2-5. EXAMPLE OF THE PRE-FLIGHT LK, PAGE 1 OF THE 
FLIGHT DKUMENTATIOH LOG 
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TABLE 2-14. SUMMARY OF THE OPERATIONAL PROTOCOL FOR AIR QUALITY 

monitoring on a flight 


Time Period 


Activity 


Post-boarding - Technician in smoking section checks that 

ashtrays are empty 

- PFT sources deployed 

- Temperature/RH sensor exposed 

- Sampling lines exposed and uncapped 
• MINIRAM pump turned on 

- Instrument bag placed under set for takeoff 

- Documentation log entries made 


Depart gate 
Takeoff 

Airborne: No smoking light 
turned off 


- Record time 

- Record time 

- Start nlcotlne/RSP pump 

- Open CO2 diffusion tube 

- Uncap CAT (PFT) sampler 
• Make log entries 


Cruise altitude (15 minutes 
after no smoking light 
turned off) 

Smoking period 


Turn ozone pump on 
Make log entry 


Technician In smoking section records 
number of smokers on i5-m1nute Intervals 


Pre-descent 

Cruise descent (30 minutes 
before scheduled arrival) 

No smoking light on 


Gate arrival 


- Perform microbial aerosol sampling 

- Turn off ozone pump 


- Turn off nlcotlne/RSP sampler 

- Cap CAT (PFT) sampler 

- Read CO2 diffusion tube 

- Stow bag under seat for landing 

- Make log entries 

- Turn off MINIRAM pump 

- Cap sampling lines 

- Collect cigarette butts 

- Collect Information on passenger load and 
previous flight 

* Deplane 
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activities surmarlzed lr the table were documented on pages 2 through 9 of 
the Flight Documentation Log. Page 3, depicted In Figure 2-6, for 
example, was used to record activities related to the start of sample 
collection. 

The technician assigned to the smoking section was responsible 
for a series of activities related to smoking. As shown In Figure 2-7, 
this technician cofly>1eted a section on smoking information and also made 
counts at IS-minutes Intervals of the number of cigarettes being smoked. 

At the end of the flight this technician also collected cigarette butts 
from ashtrays. These were then counted In the airport to obtain an 
accurate count of cigarettes smoked. If the butts could not be collected 
from all seats In the smoking section due to time constraints, the number 
of seats of collection was recorded. 

After deplaning, the technician performed a series of procedures 
In the airport that Included turning off various sensors, removing 
sampling media, and documenting sampler IDs. These activities were 
recorded on page 9 of the Flight Documentation Log. 

The Dally Log contained Identical but color-coded sections for 
up to three flights a day. On days with multiple flights, the pre-flight, 
flight, and post-flight protocols described above were repeated and 
documented. 

The final section of the Dally Log was the END OF DAY 
DOCUMENTATION LOG used to record Instrument checkout and calibrations 
following the last flight of each day. These activities, sunnarlzed on 
the 8 pages of this section of the log, included the following: 

• Downloading, verification, and backup of data to diskette 

• Checkout of temperature/relative humidity sensor 

• Checkout of pressure sensor 

• CO detector checkout and maintenance 
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FLIGHT DOCUMENTATION LOG (2ncl Flight) Page 3 of _9 

Airline: __ Flight: _ 

Date: / / Tech: _ 


I BoarcTng 


T Ime: 


[ ] PFT Sources deployed: _ 

C ] Sampling Lines and TeflipTRH Sensor Exposed 
C ] Uncap satrnpHng lines 

c ] HINIRAH pump ON (Switch 3); _ 


I Oeoart Gate I 

Time; 

I Takeo/? I 

Time: 


I Airborne: N-S Light O^lH Tim*: 

[ ] Nicotine pump ON (Switch 4); _ 

C ] CO? diffusion tube opened: _ 

C ] CAT sampler uncapped: _ 


I C'ru'Vse A111 tudT*| Time: 

C ] Ozone pump ON: _ 

(15 minutes after N-S light OFF) 

Comments: _ 


F0L02 (3/29/89) 


FIGURE 2-6. EXAMPLE OF PAGE 3 OF THE FLIGHT DOCUMENTATION LOG 
USED TO DOCUMENT THE START OF THE SAMPLE COLLECTION 
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flight documentation log (1st Flight) Page A Of _9 

Airline; _ _Flight No.; _ 

Date; / /_ Tech; _ 


I Smoking Section Information | 

Ashtrays empty at start of flight: [ 3 Yes [ ] No 

Smoking rows: _ to_ 

Nurter of passengers in smoking section; _ 

Njmber of passengers In boundary section: _ 

(Three rows nearest to smoking section) 


SMOKING SECTION cGunTs—A t iJ'-minute Intervals 
beginning on first 5-mlnute block after N-S light off 


Time Count Time Count 


FDL02 (3/29/89) 


FIGURE 2-7. EXAMPLE OF THE PAGE OF THE FLIGHT OXUMENTATION LOG 
USED TO RECORD SMOKING SECTION COUNTS 
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• Zero and span of the CO detector 

• Zero reading of HINIRAM 

• Calibration of MINIRAH pump 

• Calibration of nlcot1ne/RSP sampling pump 

• Calibration of ozone sampling ptinp 

» Calibration of duplicate sampling punps 

• Archival of all samplers 

• Shipment of microbial aerosol samples 

• Completion of logs 

• Chain of custody procedures. 

2.5.4 Quality Assurance and Quality Control Procedures 

Quality assurance (QA) is an Important element of a field moni¬ 
toring program. For this study, a QA program was developed that Included 
appropriate quality control (QC) procedures to ensure that monitoring 
Instrumentation was performing properly In the field and that precision 
and accuracy of the measurement results conformed to QA objectives. 

QC procedures during the monitoring program are suninarized in 
Table 2-15 and briefly described below. 

Quality control procedures for integrated samples, Including 
nicotine, RSP, and ozone, consisted of measurements of sampler punp flow 
rates In the field on a dally basis, submission of field blanks and dupli¬ 
cates to the analytical laboratory, and standard laboratory QC procedures. 
Sampling punp airflow rates were measured with Matheson precision rotame¬ 
ters calibrated in GEOMET's laboratory against an NBS-traceable 
Teledyne-Haitings mass flowmeter. The airflow rates of lampllng pimps 
were measured at the end of each day and were adjusted and recalibrated 
If the flow differed by more than 5 percent of the target flow rate. 

Over ten percent of the total number of nicotine, RSP>end ozone 
samplers were dedicated as quality assurance samplos* » shown In 
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TABLE 2-15. SUMMARY OF QUALITY CONTROL PROCEDURES IMPLEMENTED 
DURING THE MONITORING PROGRAM 




Number 

Total Number 

Percent QC 

Parameters 

QC Procedures 

of QC Samples 

of Samples 

Samples 

Nicotine 

Field blanks 

20 

322 

6 


Field duplicates 

J5 

322 

11 


Analytical blanks 

1 per session 




Analytical spikes 

3 per session 




Duplicate injections 

322 

322 

lOOS 

RSP (gravimetric) 

Field blanks 

20 

322 

6 

Field duplicates 

35 

322 

11 


Control filter 

I per session 



Ozone 

Field blanks 

21 

123 

17 


Field duplicates 

8 

123 

6 


Analytical spikes 

5 per session 




Analytical blanks 

3 per session 



Carbon dioxide 

Field blanks 

N/A 

161 

9 


Field duplicates 

14 

161 


Carbon monoxide 

Zero check (field) -- 2 

to 3 times/week* 




Span check (field) -- 2 

to 3 times/week* 




Multipoint calibrations 

-- twice weekly 



RSP (optical) 

Zero check (field) — twice dally 



Microbial 

Sampler flow checks — weekly 



aerosols 





Sampler pump 

Calibration with precision 



airflow rates 

rotameters — dally 




Sampler transfers 

Chaln-of-custody procedures 




‘Dependent on duration of each chain 
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Table 2*15. These were submitted to the analyst as routine samples. In 
the laboratory, the QC procedures included analytical blanks, analytical 
spikes, multipoint calibrations of the gas chromatograph or spectrophoto¬ 
meter and control filters for RSP. 

Multipoint calibrations of the CO detectors using certified 
calibration gases were performed at the GEOMET Indoor Alr Laboratory at 
the beginning and end of each chain. Additionally, the performance of the 
CO detectors was assessed in the field by means of zero and span checks. 
Zero air and calibration gas at a concentration of 4.65 ppm of CO were 
carried by each team of technicians 1n gas sampling bags. Air was drawn 
from the bags by the detectors during the End of Day activities to obtain 
zero and span check readings. 

Chaln-of-custody procedures were Implemented throughout the field 
monitoring program to docimnt transfers of sampler media and documen¬ 
tation logs. An example of the chaln-of-custody log is depicted In 
Figure 2-a. As Shown in the figure, every transfer of sampler media 
required the signature of the recipient, who then assumed responsibility 
for that sampler. Similar forms were used to document shipments to the 
analytical laboratories. 

2.6 PRETEST PROTOCOL AMD RESULTS 


2.6.1 Pretest Protocol 

A pretest was performed prior to the formal field monitoring 
program. Activities In the pretest mimicked, to the fullest extent 
possible, the field monitoring program. The pretest provided a final 
shakedown of instrumentation, measurement methods, and operational pro¬ 
tocols; results of the pretest were used to refine operational protocols 
and documentation procedures. 

The pretest for the monitoring program was performed In 
March 1989. It consisted of monitoring on four connerclal airline flights 
over a three-day period. The flights were selected and developed into a 
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chain that originated and terminated in Washington, DC, to mimic the 
Chaining procedure that would be used in the formal monitoring program. 
Aircraft represented In the four flights Included a 767, DC-10, and 
two 737-3005, 

The four flights monitored were smoking flights, with durations 
of 4 to 5.5 hours. Flights of longer duration were selected for the pre¬ 
test because one objective was to assess spatial variation of nicotine and 
RSP concentrations. To address this objective, eight locations were 
selected In each aircraft to examine horizontal variations. At four of 
the eight locations, a vertical array was configured to sample nicotine 
and RSP at 25 an (10 Inches) and 150 an (59 inches) above the floor, in 
addition to the breathing-height sample. Integrated samples were 
collected throughout the "smoking” period. 

The pretest was also used to assess various methods for obtaining 
InforTMt■on on smoking during the flight. Three different approaches to 
counting smokers were used: 

• Counting smokers at 15-m1nute intervals 

• Counting smokers at lO-mlnute Intervals 

• Counting smokers during visits to the lavatory at fixed 
Intervals. 

These counts were compared to counts of smokers made on a continual basis 
by one or two technicians seated In the smoking section. The results of 
the various counting methods were also compared to the number of cigarette 
butts collected from the ashtrays at the end of the flight. 

The pretest provided an opportunity to test procedures for 
measurement of air exchange rates with the PFT method. PFT deployment 
and sampler placement methods were tested at all eight locations in the 
airliner cabin to determine the appropriate sites for placement of sources 
and samplers. 
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In addition to the shakedown of methodologies and instrunen- 
tatlon, the pretest conducted on coinnerclal flights provided the oppor¬ 
tunity to assess logistical problems related to airport security clearance; 
pre-flight and post-flight activities In airport waiting areas; $tart-of- 
day and end-of-day preparation, maintenance and calibration activities; 
and passenger and flight attendant reaction to technician activities. 

2.6.2 Pretest Results 

The four pretest flights provided a good range of smoking rates, 
with cigarette butt counts ranging from a low of 33 on the second flight 
(Boeing 737-300 aircraft) to a high of 166 cigarette butts collected on 
the first flight (Boeing 767). 

On the four flights, . Icotlne concentrations ranged from non- 
detectable to 67.6 yg/m^, as shown in Table 2-16. Concentrations of nico¬ 
tine In samples collected In the smoking and boundary sections were highly 
variable. There were no clear biases in (concentration related to sampler 
height, with three of five sample sets collected In smoking sections 
having the highest nicotine concentration (In the vertical plane) located 
near the floor and the other two having highest concentrations at 60 
Inches (I.e.. above breathing height). 

RSP concentrations on the four flights ranged from 8 to 317 yg/m^ 
(Table 2-17). Concentrations were generally lowest In the nonsmoking 
sections, highest in smoking sections, and Intermediate In the boundary 
section. There was often substantial vertical variation. For five sample 
sets, the highest concentrations were measured near the floor, whereas 
three sample sets had the highest concentration at the ISO-an height. 

Results of nicotine and RSP measurements confirmed that selection 
of the four target locations for monitoring (smoking, boundary, nonsmoking 
middle, and nonsmoking remote) would be appropriate and required for data 
Interpretation. The measurements performed at the three heights above the 
floor did Indicate substantial differences in concentrations at the three 
heights. Although the data base for the four flights was too small to 
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Table 2-16. NICOTINE CONCENTRATIONS MEASURED AT EIGHT LOCATIONS 
ON FOUR PRETEST FLIGHTS 


Seat 

Location 

(section) 

Sampler 

Height* 

Nicotine Concentration (ug/m^) 

FIIght 1 

Flight 2 

Flight 3 

Flight 4 

Nonsmoking 

High 

0 


0 

0 

(Remote) -1 

Middle 

0 

0 

0 

0 


Low 

0.2 


0 

0 

Nonsmoking 

High 





(Remote) -2 

Middle 

0 



0 


Low 





Nonsmoking 

High 

0 

0.4 

0 

0 

(Middle) -1 

Middle 

0 

0 

0 

0 


Low 

0 

0 

0 

0 

Nonsmoking 

High 





(Middle) -2 

Middle 

0 

0 

0 

0 


Low 





Boundary -1 

High 




0 


Middle 

0 

1.7 

0.3 

0 


Low 

0 




Boundary -2 

High 






Middle 


0 

0 

0 


Low 





Boundary -3 

High 


** 

0 



Middle 


** 

0 



Low 


0 

5.9 


Smoking -J 

High 

29.3 

12.9 

1.0 

0.7 


Middle 

33.0 

7.0 

0.3 

0.3 


Low 

54.6 

1.2 

6.1 

0.3 

Smoking -2 

High 






Middle 

67.6 

2.5 

0.9 

1.7 


Low 





Smoking -3 

High 

44.1 





Middle 

31.8 





Low 

48.3 





* Samples placed at 'nigh* were 150 on above the floor, at 'medium* were 
near breathing height, and at 'low* were 25 an above the floor*. Samples 
were collected at the three heights at four of eight locations. At the 
other four locations, samples were collected only at the 'middle* height. 

** Samples invalid 
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TABLE 2-17. RSP CONCENTRATIONS MEASURED AT EIGHT LOCATIONS 
ON FOUR PRETEST FLIGHTS 


Seat 

Location 

(section) 

Sampler 

Height* 


RSP Concentration (ug/m^) 


Flight 

1 Flight 2 

Flight 3 

Flight 4 

Nonsmoking 

High 

36 


59 

55 

(Remote) -1 

Middle 

53 

74 

46 

120 


Low 

46 


56 

58 

Nonsmoking 

High 





(Remote) -2 

Middle 

44 



61 


Low 





Nonsmoking 

High 

34 

8 

117 

67 

(Middle) -1 

Middle 

32 

-- 

70 

67 


Low 

27 

51 

73 

56 

Nonsmoking 

High 





(Middle) -2 

Middle 

87 

34 

72 

22 


Low 





Boundary -1 

High 




60 


Middle 

151 

29 

80 

67 


Low 




127 

Boundary -2 

High 






Middle 


83 

79 

72 


Low 





Boundary -3 

High 


** 

59 



Middle 


«« 

132 



Low 


63 

145 


Smoking -1 

High 

177 

164 

143 

150 


Middle 

197 

223 

114 

180 


Low 

** 

133 

199 

195 

/ 

Smoking -2 

High 






Middle 

317 

199 

269 

163 


Low 





Smoking -3 

High 

161 





Middle 

163 





Low 

210 





• Sandies placed at 'high* were 150 an above the floor, at •medium' 
were near breathing height, and at ■low* were 25 an above the floor. 
Samples were collected at the three heights at four of eight locations. 
At the other four locations, samples were collected only at the ■middle' 
height. 

Samples Invalid 
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determine the significance of the differences, the data suggested that 
measurements in the formal monitoring program should be performed with the 
Instrument package on the technician's lap or lap tra> to obtain measure¬ 
ments of contaminants most representative of the passenger breathing 
level. 


Correct placement of the PFT sources and samplers In the airliner 
cabin was essential to the performance of the measurement system. Because 
the number of technicians during the monitoring program would be limited to 
four on smoking flights and two on nonsmoking flights, tests were performed 
during the pretest flights to determine how source and sampler locations 
could be optimized- For example, during the pretest some technicians 
carried both sources and samplers to determine how far the source needed 
to be from the sampler. 

Results of air exchange measurements during the pretest are pre¬ 
sented In Table 2-18 and compared to nominal air exchange rates for the 
four flights. For three cases where technicians sat within one row of 
one another measurements with the samplers agreed within 6 percent of each 
other. Air exchange rates were underestimated by as much as 80 percent. 

If the san^lers were located at the same seat location as the sources, but 
separation of sources and samplers by as little ts one row of scats 
yielded acceptable measurement results. Based on the results, deployment 
of sources by technicians In the nonsmoking (remote) and smoking sections 
and samplers at the other two seats was used In the study. 

During the pretest flights, two different counting methods and 
three different estimation methods were used to estimate the number of 
cigarettes umoked during a flight. The counting methods consisted of 

(1) counting or collection of cigarette butts from ashtrays at the end of 
the flight and (2) recording of every smoking event independently by two 
technicians. The estimation methods Included (1) recording the count of 
smoking events observed during a one-minute Interval every 10 minutes, 

(2) recording the count of smoking events observed during a one-^nlnutc 
Interval every 15 minutes, and (3) recording the count of cigarettes being 
smoked during a trip to the lavatory every 30 minutes. 
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TABLE 2-18. AIR EXCHANGE RATES MEASURED DURING THE PRETEST 


Flight No. 

A1rcr4ft Typ4 

Atr Exchange Rate (ACH) 

Ntfninal Measured 

1 

767 

10.4 

8.8 

2 

737 

14.3 

13.1 

3 

737 

14.3 

15.6 

4 

OC-10 

14.2 

14.0 
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Results of the countinj and estimation tests are shown In 
Table 2-19. Compared to the counting of butts, the (iiost definitive method 
In the pretest because of airline cooperation, the 15-fli1nute Interval 
counts appeared to be the most appropriate method for estimation of 
smoking events. Both lO-mlnute Interval and l5-minute Interval counts 
gave reasonable estimates on some of the flights, but 10-mlnute Intervals 
did not Improve the accuracy of this estimation method. The major factor 
affecting the accuracy of smoking counts was seat location. The ability 
to see smokers In front of the technician most strongly affected counting 
accuracy, and technicians seated toward the front of the smoking section 
tended to underestimate smoking rates. Therefore, seat locations near the 
rear of the smoking section were to be selected for the formal monitoring 
program. Technician trips to the lavatory as a method to count smokers 
were not logistical1y feasible due to food and beverage service and 
resulted In highly Inaccurate counts on two of the four flights. 

During the pretest flights, attempts ware made Initially to count 
the nuT*er of cigarette butts in tha ashtrays on the aircraft at the end 
of the flight. This was genarally difficult. Collection of cigarette 
butts in bags at the end of the flight for subsequent counting 1n the air¬ 
port proved to be a better approach, particularly on flights requiring a 
fast turnaround. This method was used in the formal monitoring program. 
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TABLE 2-19. COMPARISON BETWEEN COUNTS AND ESTIMATES OF SMOKING 
EVENTS DURING PRETEST FLIGHTS 


Method of Determining 
Smoking Events 


Pretest Flight (Type of Aircraft) 


12 3 4 

(767) (737) (737) (DC 10) 


A. 

Counting Butts 


166 

33 

81 

136 

B. 

Observations at 
Intervals 
- Technician A 

10-fli1nute 

63 

36 

46 

53 


- Technician B 


163 

49 

54 


c. 

Observations at 
Intervals 
- Technician A 

IS-Mlnute 

165 

40 

34 

153 


- Technician B 




64 

58 

D. 

Observations at 

30-Mlnute 

170 

25 

49 

24 


Intervals (lavatory trips) 
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Section 3.0 

DATA COLLECTION AND PROCESSING 

3.1 TYPES OF INFORMATION COLLECTED 

The types of Information collected for flights monitored during 
the study Included: (1) activities related to the flight, such as smoking 
Information and passenger data, (2) continuous monitoring information for 
pollutants and other parameters, and (3) concentrations of contaminants 
collected as time-integrated samples. Sections 3.1.1, 3.1.2, and 3.1.3 
contain descriptions of information from daily flight documentation logs, 
continuous monitoring and integrated sampling. 

3.1.1 Daily Flight Documentation Log 

As described in Section 2.5, the Dally Log was divided into 3 
major sections; (1) Start of Day Documentation Log, (2) Flight 
Documentation Log, and (3) End of Day Docunentatlon Log. The information 
collected In the Flight Documentation Log and the End of Day Documentation 
Log was grouped In the following four categories for purposes of data 
entry and processing: 

• Flight characteristics, aircraft information, and passenger 

data 

• Smoking Information 

• Time of particular flight activities and technician 
locations 

• Information relating to instrunentatlon and sampling media. 

Flight characteristics (Table 3-1) included the date of the 
flight, the airline and flight ntinber. and the airports of departure and 
arrival. Aircraft Information Included the model of the airplane (e.g., 
Boeing 727-200 or DCiQ-30) and the registration nunper of the plane found 
on the outside of the aircraft. The primary passenger Infonnation was the 
total nunbcr of passengers, excluding the crew, on the plane. 

The smoking Information (Table 3-2) collected by the field tech¬ 
nicians and recorded in the Flight Documentation Logs included the 
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TABLE 3-1. PLIGHT CHARACTERISTICS. AIRCRAFT INFORHATION AND 
PASSENGER DATA FROM THE FLIGHT DOCUMENTATION LOG 



Parameter 

Page Location In 

Flight Documentation Log 

1. 

night date 

2 

2. 

Airline 

2 

3. 

night nunter 

2 

4. 

Airport of departure 

2 

5. 

Airport of arrival 

2 

6 . 

Aircraft model ruanber 

2 

7. 

Aircraft registration nunber 

2 

8. 

Humber of passengers 

2 
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table 3-2. SHOrlNC iNfORHATtON FROM THE FLIGHT 
DOCUMENTATION LOG 


Pajf Location in 

Parameters Flight Documentation Log 


1. 

Ashtrays emptied at start 
of flight? 

4 

2* 

Smoking rows 

4 

3. 

Number of passengers In 
smoking section 

4 

4. 

Number of passengers in 
boundary section 

4 

5. 

Smoking counts during 
one-ffllnute Intervals 
every 15 minutes 

4. 5 

6. 

Number of seats from 
which cigarette butts 
were collected 

8 

7. 

Total number of cigarette 
butts collected 

6 

fi. 

Vas previous flight smoking? 

6 
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Identification of coach smoking rows and an observation at the beginning 
of the flight on whether or not the ashtrays were emptied prior to 
boarding. Additionally, the technician In the coach smoking section was 
required to count the number of Cigarettes smoked during a one-minute 
Interval every 15 minutes. These observations were recorded on pages a 
and S of the Flight Documentation Log and the observed counts were used as 
an input to estimation of total cigarettes smoked during each smoking 
flight, procedures for estimating total smoking ln tha coach section are 
described In Section 3.2. 

Also Included as smoking Information was an Indication of whether 
the previous flight was smoking, as reported by the flight attendant. At 
the end of the flight, cigarette butts were collected from seats in the 
coach smoking section. The number of seats from which butts were 
collected and the total number of butts collected were recorded In the log 
book. 


Table 3-3 lists the Information recorded about technician loca¬ 
tions and the times of various events during flights. The location of the 
technician included the seat nimber and the section nunber. The target 
locations for technician seating on a smoking flight were the smoking sec¬ 
tion, one of the boundary rows, the middle of the nonsmoking section, and 
the remote location (typically near the front) In the nonsmoking section. 
On International flights, a boundary seat in the business class was 
substituted for the nonsmoking remote location, and on nonsmoking flights 
technicians were seated in the section of the plane where smokers would be 
assigned on smoking flights (usually the rear) and the middle of the 
nonsmoking section. Flight events that were recorded included the time 
when the aircraft was boarded and the time when cruise altitude was 
reached. Of particular Importance were the times when the nonsmoking 
light was turned off and turned on. The interval between these two events 
was used as the timeframe for averaging temperature, relative hunidlty, 
pressure, and pollutant measurements that were recorded with continuous 
monitoring devices. 
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TABLE 3-3. VARIABLES WITHIH THE FLIGHT DOCUHENTATION LOG RELATED 
TO TIHES OF VARIOUS FLIGHT MILESTONES AHO LOCATION OF 
TECHNICIAN 



Parameter 

Page Location In 
Flight Documentation Log 

I. 

Seat number 

2 

2. 

Section number 

2 

3. 

Boarding time 

3 

4. 

Time of departure from gate 

3 

5. 

Time of takeoff 

3 

6 . 

Time when no-smoking light 
was turned off 

3 

7. 

Time when cruise altitude was 

reached 

3 

8. 

Time of cruise descent 

8 

3. 

Time when no-smoking light 
was turned on 

8 

10. 

Time of arrival at gate 

8 
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Information related to Instrunentatlon and lampllng media, shown 
In Table 3-4, Included identification nunijers of sampling devices and the 
times when sampling pumps were turned on and off. Within the End of the 
Day Documentation Log, the NIKIRAW zero values, the NINIRAM pimp flow 
rate, the nicotine pump flow rate, and the ozone pump flow rate were 
recorded. Each of these items was ultimately used in the computation of 
measured concentrations. 

3.1.2 Continuous Monitoring Data 

Continuous monitoring data were collected at all four locations 
on smoking flights and at both locations on nonsmoking flights. A data 
logger was progranmed to ccmpute and record average measurement values 
every minute. The Julian date, hour, minute, RSP, CO, temperature, rela¬ 
tive humidity, and pressure values were recorded on Individual channels. 
This information was stored In the internal memory of the data logger and 
transferred to computer diskettes at the end of each day. The file-naming 
convention was keyed to the Julian date and the identification nunper of 
the data logger used by a particular technician (e.g., 102-1477.PRN). 
Following file transfers at the end of each day, a backup of each trans¬ 
ferred file was made. 

3.1.3 Integrated Sampling Media 

As described in Section 2.3, Integrated sampling devices were used 
to collect samples for nicotine, RSP, ozone, CO 2 , microbial aerosols, and 
air exchange rates. Nicotine and RSP samples were collected at all loca¬ 
tions on every flight. Ozone, CO^. and microbial aerosols were collected 
at two sites on smoking flights and international flights and at one Site 
on nonsmoking flights. Table 3>5 simmarlzes the locations of Integrated 
sampling devices on smoking and nonsmoking flights. PFT sources for tlr 
exchange measurements were deployed in the remote and smoking locations, 
whereas samplers (CATs) were deployed in the boundary and central 
nonsmoking locations. 

Tabla 3-6 lists the laboratory destination for each type of 
sampling devica. CO 2 concentrations were read by the technicians during 
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TABLE 3-4. VARIABLES WITHIN THE FLIGHT OOCUMENTATIOH LOG RELATED 
TO INSTRUMENTATION AND SAMPLING MEDIA 



Parameter 

Page Location in 

Flight Documentation Log 

1 . 

N1cot1ne/RSP cassette ID numbers 

1 

2 , 

CO 2 tube 10 number 

1 

3 . 

Ozone cassette ID nunber 

1 

4. 

CAT sampler ID number 

1 

5. 

PFT sources 

1 

6. 

Time sensors turned on 

1 

7. 

Instrument package number 

2 

0. 

SAS package number 

2 

9. 

Time PFT sources deployed 

3 

10. 

Time MINIRAM pump turned on 

3 

11. 

Time nicotine pump turned on 

3 

12. 

Time CO 2 tube opened 

3 

13. 

Time ozone pump turned on 

3 

14. 

Start time of bloaerosoJ sampling 

7 

15. 

Bioaerosol plate ID numbers 

7 

16. 

Stop time of bioaerosol sampling 

7 

17. 

Time ozone pump turned off 

8 

16. 

Time nicotine pimp turned off 

8 

19. 

Time CO 2 tube capped 

8 

20. 

CO 2 tube reading/time of reading 

B 

21. 

Time MINIRAM pump turned off 

8 

22. 

MINIRAM zero checks 

3 

23. 

MINIRAM flow rate 

4 

24. 

Nicotine pump flow rate 

5 

25. 

Duplicate nicotine ptinp flow rate 

6 

26. 

Ozone punp flow rate 

7 
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TABLE 3-5. PLACEMENT LOCATIONS FOR INTEGRATED SAMPLING DEVICES 



Location 


Nonsmoking 

Measurement Parameter 

Smoking Boundary Middle Remote 


A. Smoking Flights 


- N1cot1ne/RSP 

X 

X 

X 

X 

- Ozone 


X 

X 


- CO 2 , . 

X 


X 


- Microbial aerosols 

X 


X 


- PFT sources 

X 



X 

- PFT samplers 


X 

X 


B. Nonsmoking Flights* 





- NIcotlne/RSP 

X 


X 


- Ozone 



X 


- CO 2 



X 


- Microbial aerosols 



A 


- PFT sources 



X 


- PFT samplers 

X 





* Nonsmoking seating locations Include the would-be smoking section 
and the middle of the nonsmoking section. 
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TABLE 3-6. LABORATORY ANALYSIS RESPONSIBILITY FOR INTEGRATED SAMPLES 


Type of Saniple 

Laboratory Responsible 
for Analysis 

N1cot1ne/RSP 

University of Massachusetts 

Ozone 

GEOMET 

CO 2 diffusion tubes 

Technicians (during flight) 

Microbial aerosols 

Pathogen Control Associates 

PFT saiflples 

Brookhaven National Laboratory 
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each flight; the time of the analysis and the concentration were recorded 
In the Flight Documentation Log. The ozone sanples were analyzed by 
GEOMET's laboratory, whereas the nlcotlne/RSP samples, microbial aerosol 
samples, and PFTs were analyzed by external laboratories. 

3.2 DATA PROCESSING PROCEDURES 

The field docinentation collected by the technicians was returned 
to GEOMET for processing and analysis. Several different software pack¬ 
ages were used during processing Including dBase HI Plus, Lotus 1-2-3, 
Microsoft QUICKBASIC, and SPSS/PC. Section 3.2.1 reviews the processing 
of data recorded in the Dally Flight Oocunentatlon Logs, Section 3.2.2 
Includes an explanation of continuous monitoring data processing, and 
Section 3.2.3 discusses processing of integrated sample data. Procedures 
for estimating total smoking rates In the coach smoking section, based on 
technician observations, are described In Section 3.2.4. Supplemental 
Information that was gathered Independently is described In Section 3.2.5. 

3.2,1 Dally Flight Docimentation Logs 

Information collected by the field technicians and recorded in 
the Dally Log was entered Into a data base using dBase III Plus software. 
The data base contained one record for each technician location on each 
flight. Data were entered from the Flight Documentation Logs and the End 
Of the Day Documentation Logs. Information from the end of the day was 
entered for each flight during the day to which U applied. Each dally 
log was assigned an identification manber, and this number was also 
entered into the data base; this practice enabled easy reference to a par¬ 
ticular log In the event that further review was needed. 

InItlaMy. each chain of flights was entered In a separate data 
base for easy reference. Information from all ten chains was ultimately 
united In i single data bast. 

The sampler identification numbers were entered Into the data 
base twice, es they epptered in the log book. This practice tnebled addi¬ 
tional quality control checks to ensure that the first reported Iden- 
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tlflcat^on number matched the final reported number. Additional fields 
were provided to capture Information relating to duplicate samplers. 


3.2.2 Continuous Honltorlng Data 

The continuous monitoring data were processed using a BASIC 
program that conblned (1) data logger outputs (voltages) for each channel, 
(2) calibration factors for converting the voltages to engineering units, 
and (3) selected information extracted from the dBase III Plus file for 
Plight Documentation Logs. 


CO multipoint calibrations were performed at the beginning and 
the end of each chain at GEOMET's laboratory. Regression analysis was 
applied to the beginning and ending calibrations to calculate beginning 
and ending slopes and Intercepts. This information was entered into an 
ASCII file along with the data logger Identification nunber, MIHIRAM iden¬ 
tification nunber. Initial zero value (KINIRAX), and the CO monitor 
Identification numbar. These files ware specific to a chain and were 
referred to as 'sat* files. The file was sorted by instrument package 
Identification nunber, and the final line In the file Indicated the date 
and time of the Initial and final CO calibrations. 


In addition to the set files, the following Information was 
extracted from the dBase III Plus file described previously: 


• Dally Log identification nunber 

• night date 

• Instrunentatlon package nunber 

• Airline 

• Flight nuiber 

• Seat nunber 

• Section location 

• HIMIRAM on time 

• Ho-smoking light off time 

• Mo-smoking light on time 

• MINIRAM off time 

• First HINIRAM zero reading 

• Second MINIRAM zero reading 

• Third HIMIRAM zero reading 
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These files, each specific to a chain of flights, were referred to as 
"case" files. The case files and set files were used together as Inputs 
to the processing routine. 

The raw data files, as discussed in Section 3.1.2, were named 
according to the Julian date on which the data were collected and the tech¬ 
nician’s data logger Identification number. The raw data files for a par¬ 
ticular chain, along with the set file and the case file, were Inputs to a 
BASIC program. Figure 3-1 contains a flow diagram depicting the procedure 
that was followed during processing of the continuous monitoring data. 

The program read the first line of the case file and Identified the flight 
date and the instrument package Identification number, within the 
program, the data logger assigned to each package was Identified, Based 
on flight date and data logger number, the proper raw data file was 
retrieved. Then the KINIRAM identification number, the flight number, and 
the seat number were identified from the set and case files. The CO data 
were calibrated using the slope/intercept Information contained In the set 
file; a linear drift between beginning and ending calibrations was 
assumed. 

Reports were produced for each technician location on each 
flight. Figure 3-2 Is an example of a report produced through the com¬ 
bination of the three Inputs (raw data, set file, case file). Selected 
Information from the set file and the case file is listed at the top of 
each report, including the instrument identification numbers, the flight 
date, the seat nunber and section location, the time when the HINIRAM punp 
was turned on and off, the time when the no-smoklng light was turned off 
and on, and MINIRAM zero values. Progr^jn outputs Included the Input and 
output file names and the average, mlnirnun, and maxlmun values for RSP, 

CO, temperature, relative hunidity, and pressure. These values were 
reported for the entire period when smoking was allowed as well as the 
periods before and after the smoking period and successive hours during 
the smoking period. 

The second type of output produced by the BASIC program was con¬ 
tinuous calibrated data saved in files specific to each flight and seat 
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FIGURE 3-1. OATA PROCESSIMfi PRKEBURE FOR CONTINUOUS HONITORING DATA' 
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NlnliM 2«r» ValuM, 1 lnitl*l* -> 12.44. 12.40, 12.44 

hlnlRM Itro Valtito. 1 FImU ■» 12.44, 12.40, 12.U 


RIP M HNP in ptCSS 

ParloO 4«* Nm Min Avo Hoi HIn Avg Haa Hin Awg Hai HIn Avg Mai Hin 


1 ( 29) 29.11 M.19 19.04 0.87 1.02 0.61 74.44 74.44 71.64 46.27 40,19 44.15 29.74 10.18 29. 

2(60) 101.79 841.88 12,59 1.68 4.69 0.44 71.48 74.40 72.41 28.81 42.44 10.95 24.99 29.42 24. 

J ( 60) 290.66 1275 16.44 1.91 5.65 O.M) 74.50 76.26 74.19 16.51 19.79 14.36 21.24 24.11 21. 

4 ( 60) 190.51 1019 21.82 2.07 1.41 0.64 76.09 76.44 75.72 11.71 14.85 9.71 21.05 21.06 21. 

5(21) 241.)9 469,51 114.72 1.61 2.00 1.21 76.00 76.46 74.61 9.94 11.97 8.46 21.47 24.18 21. 

6(16 ) 56.09 546.87 15,05 1.12 2.17 0.65 77.11 77.77 76.51 17.64 29.15 11.52 29.01 W.16 24. 


taokifV M1.« WW 16.64 1.86 5.65 O.U 74.16 76.46 72.41 17.99 42.54 R.46 21.74 29.42 21.01 


figure 3-Z. ekampu report for continuous monitoring data 
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location. Data In these files were later used for more In-depth analyses 
(e.Q., peak versus average concentrations). 

3.2.3 Integrated Samples 

Results from laboratory analysis of integrated sanpies were com¬ 
bined with information from the flight docianentatlon logs to calculate 
measured concentrations. The logs provided the flight information and the 
length of the sampling period. In calculating the concentrations from the 
integrated sampling results, selected outputs (e.g.. temperature, pressure) 
from the continuous monitoring were also needed 1n some Instances. 

The concentrations for gravimetric nicotlne/RSP were calculated 
using sample mass from the laboratory, flow rates and sanpling duration 
from the flight docunentatlon log. and temperature and pressure during the 
smoking period from the continuous monitoring data. Figure 3-3 illus¬ 
trates the procedures used to calculate the nicotine and RSP con> 
centratlons in yg/m^. 

Ozone concentrations were calculated In parts per million [ppm) 
in much the same way as nicotine and RSP concentrations were calculated. 

The duration of the sarnpling period and the pimp flow rate were extracted 
from the Daily Log data base and the sample mass was provided by the 
laboratory. The pirp flow rate was measured by the field technician, 

Dri'eger Tubes were used to collect CO 2 in two locations In the 
plane. The diffusion tubes were filled with a blue indicator compound 
that gradually turned white as CO 2 diffused into the tube. At the end of 
the flight the field technician reed the CO 2 level by noting where the 
white coloration stepped. The analytical range for these tubes 
was from 500 ppm/hr to 20.000 ppm/hr. 

Host of tha data required to calculate the CO 2 concentration were 
extracted from the Dally Log. One field (pressure) was axtracted from the 
continuous monitoring data; the average pressure during the smoking por¬ 
tion of the flight was used. The evtrige CO 2 concintratlon. In ppm, was 
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FIGURE 3-3. DATA PROCESSING PROCEDURE FOR CALCULATING GRAVIMETRIC 
RSP AND NICOTINE CONCENTRATIONS 
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calculated (1) applying a correction factor derived from the average 
pressure measurement to the raw Integrated value and (2) dividing the 
corrected Integrated value by measurement duration. 

Figure 3-4 Is a flow chart depicting the data processing proce¬ 
dure for calculating the air exchange rate on each flight. Samplers 
(CATs) were analyzed at Brookhaven National Laboratory and the quantity of 
each tracer gas found in each tube was reported. This information was 
compined with data extracted from the Dally Log data base on the type of 
source deployed on a particular flight and the length of exposure for the 
CAT. The final Inputs to the calculation ware average temperature and 
pressure during the smoking period. A flic containing the above inputs 
was processed using a BASIC program; the output was a report Including the 
air exchange rate per location and the average airflow rate between loca¬ 
tions for the flight. 

The results of the bloaerosol sampling were reported by the 
laboretory In colony-forming units per cubic meter (CFU/m^). These 
results were linked with the flight date, alrllnct flight nunber, seat 
number, and section. Total bacterial concentrations as well as con¬ 
centrations of Staphylococcus aureus and Streptococcus pyogenes were 
reported for each sample. In addition, concentrations of several other 
types of bacteria were reported. For example, among the most prevalent 
types were; 

• Staphylococcus not aureus 

• MUrococcus yarlans 

• Micrococcus luteuf 

• Mlc7ococcus lylar ' 

• Corynebacterlum. * 

Total fungi were also reported together with the most prominent 

genera. 


3.2.4 Estimation of Smoking Bates 

Estimated smoking rates were calculated using the data recorded 
by the technician seated In the coach smoking section. One of the inputs 
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FIGURE 3-4. PROCEDURE FOR CALCUUTIHG AIR EXCHANGE RATES WITHIN 
AIRCRAFT CABINS USING CATs FOLLOWING SOURCE RELEASE 
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to the calculation of smoking rates was the number of people sn»klng 
during a one-minute period every 15 minutes, as recorded by the technician 
In the smoking section. The estimated quantity of cigarettes smoked 
during the flight. In cigarette-minutes, was calculated by the following 
formula: 


(Snoking Duration x 60} 

- X (Smoking Count) 

(Number of 15-m1nute 
Intervals) 

The result of this calculation was divided by 6, the typical number of 
minutes a cigarette was lit in the cabin environment (based on technician 
observations during the pretest), to obtain an estimate for the number of 
cigarettes smoked during the flight. 

3.2.5 Supplemental Information 

Additional Information on aircraft characteristics was gathered 
from archived data and keyed into a separate data base. This Information 
Included such aircraft features as the volutte of the plane, whether a 
plane wes a wide body or narrow body, and the nominal extent of cabin air 
recirculation for each type of aircraft. The total seating capacity was 
obtained for the aircraft specific to each monitored flight. The contacts 
with each airline were also used to verify certain data that were 
collected by field technicians. Each airline was requested to provide the 
aircraft type, aircraft registration nurber, total passenger count, and 
smoking rows for each monitored flight Involving the alrlint. 
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Section 4.0 
MONITORING RESULTS 

As noted in Section 2.4, A total Of 92 randomly selected flights 
were monitored during the study; smoking was permitted on 69 (75 percent) 
of these flights. Characteristics of the monitored flights, including 
airlines, types of aircraft, and flight durations, are descriped in 
Section 4.1. For smoking flights, information on passenger counts in the 
smoking section and observed smoking rates is also presented. Results of 
environmental measurements—air exchange rates, temperatures, relative 
humidities, cabin pressures, ETS contaminants, and pollutant5--are 
presented in Section 4.2. 

4.1 CHARACTERISTICS OF MONITORED FLIGHTS 

4.1.1 Airlines, Aircraft Types, and Flight Times 

The distribution of monitored flights by airline Is sunmarized in 
Table 4-1; distributions are given separately for 61 domestic smoking 
flights, 8 international flights, and 23 nonsmoking flights. All major 
airlines except Sraniff, Eastern, and Northwest were represented by 
smoking flights. The number of smoking flights offered by these airlines 
was relatively small, particularly for Eastern {whose airline services 
were substantially curtailed during the monitoring period due to a strike) 
and Northwest (for which smoking flights are restricted to those between 
Hawaii and the continental United States). Northwest was the carrier, 
however, for a substantial fraction (more than 20 percent) of the 
nonsmoking flights. Although the number of monitored International 
flights was limited, most of tie major U.S. carriers offering such flights 
were represented. 

The representativeness of monitored flights is shown more 
directly in Figure 4-1, in relation to all flights (more than 100,000) 
that were scheduled for departure from major U.S. airports during January 
1989. The comparison is restricted to domestic smoking flights, the 
largest subset of flights (61) that was monitored. As indicated by the 
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TABLE 4-1. DISTRIBUTION BY AIRLINE FOR DOMESTIC SMOKING, 
INTERNATIONAL, AHO NONSMOKING FLIGHTS THAT 
WERE MONITORED 


Numbtr of Flights 

Airline Oomestic Smoking 

International 

Nonsmoking 

Amen cm (AA) 

10 

2 

0 

Braniff (BN) 

0 

0 

1 

Continental (CO) 

10 

0 

0 

Delta (DL) 

8 

0 

6 

Midway Connection (ML) 

2 

0 

0 

Northwest (NW) 

0 

1 

5 

Pan American (PA) 

4 

2 

3 

Picdntont (PI) 

3 

0 

2 

Trans World (TW) 

9 

1 

3 

United (UA) 

7 

2 

2 

U.S. Air (US) 

6 

0 

1 

Western (WN) 


0 

_Q 

Total, All Airlines 

61 

s 

23 
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FIGUftE 4-1. REPRESENTATIVENESS OF MONITORED DOMESTIC SMOKING FLIGHTS 
WITH RESPECT TO AIRLINE 
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conparatlve percenta 9 e frequency distributions In the figure, the moni¬ 
tored flights were proportionately representative of most airlines. The 
five airlines (American, Continental, Delta, Trans world, and United) that 
accounted for a majority of the scheduled flights were also associated 
with a majority of the flights that were monitored, and these five air¬ 
lines were represented in nearly the same order by relative percentage. 

The most notable discrepancy between monitored and scheduled flights was 
the lack of representation of Eastern Airlines (EA); Eastern flights were 
deliberately avoided during the monitoring period (early April to early 
June 1989) because of Eastern's curtailment of services, and associated 
uncertainty In flight availability, at that time. 

The distribution by type of aircraft Is 5;jrmar1zed for the three 
subsets of flights In Table A-2. All international flights were on wide- 
body aircraft and all nonsmoking flights but one were on narrow-body 
aircraft, consistent with the relative durations of these types of 
flights. Domestic smoking flights Involved the greatest variety In 
aircraft types, with about 20 percent of these flights taken on wide-body 
aircraft. For all three subgroups, Boeing aircraft were most frequently 
represented, accounting for more than half the monitored flights, and 
McDonnell Douglas aircraft were next most frequently represented. As 
Indicated In Figure 4-2, the domestic smoking flights were proportionately 
representative with respect to aircraft type; with the exception of 
Lockheed aircraft, which were overrepresented, the distributions for moni¬ 
tored and scheduled flights differed by no more than a few percentage 
points for each type of aircraft. 

Tht Joint distribution by aircraft width and recirculation capa¬ 
bility Is shown for smoking flights (domestic plus International) and 
nonsmoking flights In Table 4-3. The smoking flights were almost equally 
distributed on aircraft with and without recirculation, whereas the 
nonsmoking flights were primarily on aircraft without recirculation. 

The distribution by flight duration Is summarized for the three 
subgroups of monitored flights in Table 4-4. All international flights 
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TABLE 4-2. DISTRIBUTION BY TYPE OF AIRCRAFT FOR DOMESTIC SMOKING, 

INTERNATIONAL, AND NONSMOKING FLIGHTS THAT WERE MONITORED 




Number 

of Flights 


Type Of Aircraft 

Domestic Smoking 

International 

Nonsmoking 

Narrow Body 

Boeing 727 

18 


0 

9 

Boeing 737 

12 


0 

3 

Boeing 757 

3 


0 

1 

McDonnell Douglas 

15 


0 

8 

0C9/M08O 

BrltlsN Aerospace 111 

0 


0 

I 

wide Body 

Boeing 747 

0 


5 

0 

Boeing 767 

3 


1 

0 

McDonnell Douglas DCIO 

3 


2 

1 

Lockheed LlOU 

6 


0 

0 

Airbus Industrie 310 

1 


0 

0 

Total, All Types 

61 


6 

23 
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TABLE 4-3. DISTRIBUTION OF MONITORED FLIGHTS BY AIRCRAFT WIDTH 
AND RECIRCULATION 


Afrcraft Width 
and Recirculation 

NytTfcer of 

Flights 

Domestic Smoking 
and Internationa) 

Nonsmoking 

Narrow-body aircraft 

48 

22 

with recirculation 

21 

5 

without recirculation 

27 

17 

Hide-body aircraft 

21 

1 

with recirculation 

11 

1 

without recirculation 

10 

0 


TABLE 4-4. 

DISTRIBUTION BY FLIGHT DURATION FOR DOMESTIC SMOKING. 
INTERNATIONAL. AND NONSMOKING FLIGHTS THAT HERE MONITORED 

Duration of 
Flight (Hours) 

Number of FlIghts 

Domestic Smoking International Nonsmoking 


<2.0 

I 

0 

18 

2.0 - 2.49 

17 

0 

2 

2.5 - 2.99 

13 

0 

1 

3.0 - 3.49 

8 

0 

1 

3.5 - 3.99 

12 

0 

1 

4.0 - 4.99 

6 

0 

0 

25.0 

4 

8 

0 

Total. AH Durations 

61 

8 

23 
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were greater than five hours in duration, averaging 8.9 hours. Domestic 
smoking flights, averaging 3.2 hours In duration, also included some that 
were greater than five hours long, but half were less than three hours 
long. One of the smoking flights was slightly less than two hours in 
duration, due to variability from the nominal scheduled flight duration 
that was slightly above two hours 1n this case. Most of the nonsmoking 
flights, averaging 1.6 hours In duration, were less than two hours; the 
exceptions were associated with two carriers—Northwest Airlines (all 
flights arriving and departing within the continental United States are 
nonsmoking) and United Airlines (all flights of 1,000 miles or less in 
distance are nonsmoking). The distribution of monitored domestic smoking 
flights by duration closely resembled that of scheduled flights 
(Figure 4-3), with the exception that flight durations between two and 
three hours were somewhat underrepresented and durations between 3.5 and 
four hours were overrepresented. 

Distributions by time of departure are shown for the three 
subgroups of monitored flights In Table 4-5. International flights were 
clustered at early morning and late afternoon/evening departure times due 
to the limited choice of times for direct flights to and from the inter¬ 
national destinations. The distribution of domestic smoking flights was 
somewhat shifted away from morning departures toward flights that departed 
in the middle of the day. As shown in Table 4-6, this shift was in 
contrast to the nearly uniform distribution of departure times for sche¬ 
duled flights. The shift away from morning departures was due In part to 
delays relative to scheduled times of departure, as evidenced by a com¬ 
parison 0 " scheduled versus actual departure times for the monitored 
flights. Clustering toward the middle of the day was due in part to the 
desire to conserve resources by minimizing scheduled layovers for tech¬ 
nicians between monitored flights. These differences In the distributions 
were not excessive, however, and all blocks of departure times were ade¬ 
quately covered by the monitored flights. 
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TABLE A-5. DISTRIBUTIOK BY TIME OP DEPARTURE FOR DOMESTIC SMOKING. 

■ INTERNATIONAL AND NONSMOKING FLIGHTS THAT WERE MONITORED 




Naiter of Flights 


Time of 

Departure 

Domestic Smoking 

International 

Nonsmoking 

Before 9:00 a.m. 

5 


4 

1 

9:00 to 11:59 a.m. 

9 


0 

7 

Noon to 2:59 p.m. 

20 


0 

4 

3:00 to 5:59 p.m. 

12 


1 

S 

After 6:00 p.m. 

15 


3 

3 

Total, All Times 

61 


8 

23 

TABLE 4-S. 

REPRESENTATIVENESS OF 
FLIGHTS WITH RESPECT 

MONITORED DOMESTIC SMOKING ' 

TO TIME OF DEPARTURE 


Percentage of Domestic Smoking Flights 

Time of 

Departure 

Monitored 
nights, 
as Scheduled 


Monitored 
Flights, 
as Flown* 

All Flights 
Scheduled for 
January 1989 

Before 9:00 a.m. 

13.1 


8.2 

19.4 

9:00 to 11:59 a.m. 

19.7 


14.8 

19.2 

Noon to 2:59 p.m. 

31.1 


32.8 

20.8 

3:00 to 5:59 p.m. 

21.3 


19.7 

17.3 

After 6:00 p.m. 

14.8 


24.6 

23.4 


^Differs from monitored flightSt as scheduled, due to delays in 
scheduled departure times. 
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4.1.2 Passengeri and Smoking 

Information concerning passenger counts, seating capacities, and 
load factors (I.e., percent of seating capacity fined by passengers) is 
sunmarlzed for the monitored flights In Table 4-7, The Information for 
smoking flights Is segregated by narrow- versus wide-body aircraft; for 
these flights, passenger counts were generally higher for wlde-body 
aircraft whereas load factors were generally higher for narrow-body 
aircraft. Seating capacity of wlde-body aircraft averaged nearly double 
that of narrow-body aircraft. For the nonsmoking flights (all except one 
of which Involved narrow-body aircraft), the average seating capacity was 
similar to that of narrow-body aircraft associated with smoking flights, 
but the average load factor was somewhat lower, with the exception of one 
smoking flight that had only 17 passengers, the load factor consistently 
ranged from 30 to 100 percent for each of the three subgroups of flights 
listed In the table. 

As described In Section 3.0, information on the number of 
cigarettes smoked was collected for the smoking flights In two complemen¬ 
tary ways: (1) through collection of cigarette butts by technicians at 
the end of each flight for later counting and (2) through technician 
observations of cigarettes smoked during one-minute Intervals every 
15 minutes. Technicians were unable to collect cigarette butts on five of 
the 69 smoking flights that were monitored. For 12 other smoking flights, 
ashtrays were not mptled from an litmediately prior flight that also was a 
smoking flight. For the remaining 52 flights, the correspondence between 
estimates for cigarettes smoked based on technician observations versus 
cigarette butt counts was assessed. As Illustrated in Figure 4-4, very 
good correspondence was obtained, with a correlation coefficient of 0.89. 
The regression line of best fit (r 2 value of 0.8) between the two 
estimates was as follows: 

Technician Observations » 9.07 + 0.87 x Cigarette Butt Counts 

The regression equation Indicates that technicians' observations 
generally yielded slightly higher estimates than butt counts when smoking 
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TABLE 4-7. PASSENGER COUNTS, SEATING CAPACITIES, AND LOAD FACTORS 
• FOR flights that WERE MONITORED 


Type Of 

Flight (Number) 

Passenger 

Count 

Seating 

Capacity 

Load 

Factor* 

Smoking Flights (69) 

Narrow Body (48) 

Average 


138.4 

75.8 

Standard Deviation 

35.3 

19.2 

21.5 

Range 

17-187 

107-187 

12-100 

Wide Body (21) 

Average 

182.2 

288.0 

64.1 

Standard Deviation 

73.2 

67.9 

23.2 

Range 

80-347 

184-431 

31-100 

Nonsmoking Flights (23) 

Average 

94.4 

135.2 

69.9 

Standard Deviation 

39.7 

41.8 

22.4 

Range 

31-181 

79-284 

30-100 


•Percent of seating capacity filled by passengers. 
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(CIGARETTES SMOKED PER FLIGHT) BASED ON TECHNICIAN 
OBSERVATIONS VERSUS COUNTS OF CIGARETTE BUTTS 
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levels were relatively low. whereas the reverse was true for relatively 
high smoking levels. Given the good correspondence between the two 
methods of estimation, technician observations were used as the basis for 
analysis In this report because such observations were taken on every 
monitored smoking flight. 

Information on passenger counts In the smoking section and 
observed smoking rates are sunuiarlied for the 69 smoking flights In 
Table 4-8. On the average, there were 18 passengers in the smoking sec¬ 
tion smoking 68 cigarettes during the flight. The smoking rates varied 
from as little as one cigarette per hour to as much as one cigarette per 
minute for all smokers combined, averaging one cigarette every three min¬ 
utes. The nifitier of cigarettes smoked per hour per passenger In the 
smoking section averaged 1.5 and varied widely, ranging from 0,2 to 6.5. 

The estimate of 6,5 cigarettes per hour per passenger may be an artifact 
of the estimation procedure that was used; in this case, the estimated 
number of cigarettes smoked was twice as high as the number of cigarette 
butts collected by technicians. Discounting this case, the highest esti¬ 
mated smoking rate was 3.5 cigarettes per hour per passenger. 

Further information on the distributions underlying the sunmary 
statistics is displayed in Figure 4-5 (for passenger counts and total 
cigarettes smoked) and 1n Figure 4-6 (for cigarettes smoked per hour and 
cigarettes per passenger per hour). The nurber of smoking passengers was 
fairly evenly distributed about the interval 10-19, with five cases at the 
upper extremes (I.e,, 40 or more smoking passengers). The total number of 
cigarettes smoked had a less symmetrical distribution about the most fre¬ 
quent interval (25-49 cigarettes), with a long tall due to variations 1n 
both nuBber of smoking passengers and flight duration. With consideration 
of flight duration, the smoking rate (expressed as cigarettes per hour) 
was more symmetrical about the most frequent interval (15-20), with 
11 cases at the upper extreme (30 or more cigarettes per hour). The nutiber 
of cigarettes smoked per passenger per hour was also distributed fairly 
synsnetrlcally about the most frequent Interval (1.0 - 1.5), with 12 casts 
at tha upper extreme (2.S or more cigarettes per passenger per hour). 
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TABLE 4-8, SMOKING PASSENGERS. SMOKING QUANTITY. AND SMOKING RATES 
FOR SMOKING FLIGHTS THAT WERE MONITORED 


Characteristic 

Average 

Standard 

Deviation 

Range 

Number of Passengers 

In Smoking Section 

18.1 

12.4 

2-63 

Percent of Passengers 
in Smoking Section 

13,7 

6.6 

1.4-41.9 

Number of Cigarettes 

Smoked during the Flight 

68.1 

66.7 

3-411 

Number of Cigarettes 

Smoked per Hour 

IS.9 

11.2 

1-60 

Number of Cigarettes 

Smoked per Passenger 
per Hour 

1.5 

1.1 

0.2-6.5 


4-15 


PM3006451281 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



35 - 

30 - 



■■■ r * » ■ -- t— 

<25 25-4# 50-74 75-59 100-124 125-140 USO 


TOTAL NUMBER OP CIGARETTE! SMOKEP 


FIGURE 4-5. frequency DISTRIBUTIONS FOR PASSENGERS IN THE SMOKING 
SECTION AND TOTAL CIGARETTES SMOKED ON SMOKING FLIGHTS 
THAT WERE MONITORED 

4-lS 


PM3006451282 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 




PERCENT OF CASES PERCENT OF CASES 



26 



FIGURE 4-S. FREQUENCY DISTRIBUTIONS FOR CIGARETTES SMOKED PER HOUR 
AND CIGARETTES SMOKED PER PASSENGER PER HOUR OH SMOKING 
FLIGHTS THAT WERE MONITORED 

4-1? 


PM3006451283 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 




Estimated smoking rjtes In relation to smoking duration (length 
of time during which smoking was permitted) and time of departure are sin- 
marlzed In Table 4-9. There was no distinct pattern for cigarettes smoked 
per hour in relation to smoking duration, but the number of cigarettes 
smoked per passenger per hour was distinctly lower for flights with 
smoking durations of five hours or longer. This lower rate most likely 
reflects the tendency of passengers to sleep at times on longer flights. 
The number of cigarettes smoked per hour was highest for flights departing 
between noon and 3:00 p.m., the largest time block of monitored flights. 
When smoking rates were expressed per passenger per hour, however, dif¬ 
ferences were less pronounced. Flights departing after 3:00 p.m. had 
somewhat lower rates than those departing earlier in the day. 

4.2 ENVIRONMENTAL MEASUREMENTS 

4.2.1 Air Exchange. Tenyierature, Hunldlty and Pressure 

The air exchange rate prevailing during a flight depends partly 
on the extent to which air can be recirculated and the extent of control 
that the cockpit crew has over fresh-air Intake through selective use of 
air-conditioning packs and recirculation capabilities. Such factors can 
vary with the type of aircraft. Nominal air exchange rates at a cruise 
altitude of 9.1 km (30,000 feet) are listed for different types of narrow- 
body and wide-body aircraft In Table 4-i0 together with nominal values for 
cabin volume and extent of air recirculation. The nominal values given 
for air exchange rates at 9.1 km (30,000 feet) are those reported by 
Lorengo and Porter,^ based on information collected by these researchers 
from equipment manufacturers and airline operators. The aircraft types 
with recirculation capabilities have lower nominal alr exchange rates, 
ranging from 10/h to 15/h In most cases, than for aircraft without recir¬ 
culation, for which the nominal rates vary from 23/h to 27/h In most cases. 


korengo, D.G.. and A. Porter. 1985. Aircraft ventilation Systems Study. 
Final Report DTFA-03-84-C-0084. Atlantic City. NJ: U.S. Federal Aviation 
Administration Technical Centar. 
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TABLE 4-9. ESTIMATED SMOKIM RATES FOR DIFFEREMT SMOKING 
DURATIONS AND DEPARTURE TIMES 


Smoking Duration/ 
Departure Time 
(Number of Flights) 

Cigarettes Smoked 
per Hour 

Cigarettes Smoked 
per Passenger 
per Hour 

Smoking Duration* 



<2.S hours (18) 

20.0 ± 10.5** 

1.8 t 0.9 

2.5 - 2.99 hours (13) 

18.7 ± 11.7 

1.4 t 1.1 

3.0 - 3.49 hours (8) 

18.6 ± 14.8 

1.9 ± 2.0 

3.5 - 3.99 hours (12) 

22.0 t 6.0 

1.4 ± 0.7 

4.0 - 4.99 hours (6) 

15.8 ± 7.0 

1.7 ± 0.7 

25.0 hours (12) 

21.7 1 14.5 

0.9 ± 0.7 


Time of Oeoarture 

Before 9:00 a.m. (9) 

17.9 ± 

8.7 

1.6 

± 

1.3 

9:00 to 11:59 a.m. (9) 

16.0 ± 

6.7 

1.6 

± 

l.l 

Noon to 2:59 p.m. (20) 

24.8 ± 

12.1 

1.6 

± 

1.4 

3:00 to 5:59 p.m. (13) 

16.6 ± 

8.2 

1.4 

± 

0.6 

After 6;00 p.m. (18) 

19.7 ± 

13.8 

1.3 

± 

0.9 


* Length of time during which smoking was permitted. 
**Average ± standard deviation. 
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TABLE 4-10. NOMINAL CABIN VOLUMES. EXTENTS OF AIR RECIRCULATION, 

AND AIR EXCHANGE RATES FOR DIFFERENT TYPES OF AIRCRAFT 


Type of 

Aircraft 

Cabin 

Volume, iTH 

Extent of Air 
Recirculation, X 

Air Exchange 
Rate, l/h 

Narrow Body 

Boeing 727-100 

151 

0 

22.9 

Boeing 727-200 

165 

0 

26.4 

Boeing 737-100 

120 

0 

26.1 

Boeing 737-200 

131 

0 

23.9 

Boeing 737-300 

149 

42 

14.2 

Boeing 757 

164 

48 

15.6 

McDonnell Douglas 0C9-30 

124 

0 

27.3 

McDonnell Douglas 0C9-5O 

148 

0 

22.9 

McDonnell Douglas DC9-80/M080 173 

22 

19.7 

Wide Body 

Boeing 747 

790 

26 

14.7 

Boeing 767 

319 

52 

10.4 

McDonnell Douglas DClO-10 

419 

0 

22.8 

McDonnell Douglas DClO-40 

419 

35 

14.9 

Lockheed LlOll-I/lOO 

537 

0 

17.8 

Lockheed LlOU-50 

494 

0 

19.3 

Airbus Industrie 310 

334 

53 

9.7 
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Air exchange rates measured with PFTs are con^)ared with nominal 
rates In Table 4-U. For aircraft without recirculation, the measured 
rates arc much higher than the nominal rates, as much as four to five 
times as high for some aircraft. For aircraft with recirculation, however, 
the measured rates are much closer to nominal values, albeit somewhat 
higher and still somewhat variable. This pattern of results indicates 
that there generally was insufficient mixing throughout the airliner cabin 
for the PFT results to be indicative of prevailing air exchange rates. 

(Due to the need to remain unobtrusive during sampling, PFT sources for 
release of tracer gas could be placed only at two locations on smoking 
flights and on# location on nonsmoking flights.) The mixing problem 
affected measurement results on all types of aircraft, but particularly 
those without recirculation. The results for aircraft with recirculation 
are likely to be indicative of the prevailing air exchange rates. The 
frequency distribution of measured a1r exchange rates on aircraft with 
recirculation is given In Figure 4-7. 

Air exchange rates on smoking and nonsmoking flights are compared 
in Table 4-12 for selected aircraft with recirculation. The average air 
exchange rates were higher on smoking flights for two of the three 
aircraft types. However, conclusions cannot be drawn because of the 
extremely limited nutTt)er of measuronents for nonsmoking flights. 

Results of temperature, relative hianldity, and cabin pressure 
measurements are sarmarlaed for smoking and nonsmoking flights in 
Table 4-13. The average temperature was near 24 ’C (75 'F) for both 
types of flights, and the range of measurement results was similar as 
well. The relative hunidity results were quite low, ranging from 5 to 
38 percent lerosi all flights, but were even lower for smoking (average of 
15.5 percent) than for nonsmoking flights (average of 21.5 percent). The 
lower avenge relative humidity levels for smoking flights are a possible 
indication of higher average air exchange rates for these flights. For 
smoking flights, humidity levels were similar on aircraft with and'without 
air recirculation, averaging between IS end 18 percent in either case. 
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TABLE 4-:i. NOMINAL AND MEASURED AIR EXCHANGE RATES 
BY AIRCRAFT TYPE* 


Type of 

Aircraft 

Air Exchange Rate, 1/h 



Nominal 

Measured 

«» 

Without Recirculation 





Boeing 727-200 

26.4 

91.1 ± 

183.9 

(24) 

Boeing 737-100 

26.1 

81.2 ± 

32.4 

(2) 

Boeing 737-200 

23.9 

41.9 ± 

39.3 

(6) 

McDonnell Douglas 0C9-30 

27.3 

66,3 ± 

72.9 

(9) 

McDonnell Douglas DCIO-IO 

22.8 

101.9 t 

151.9 

(6) 

Lockheed LlOll-l/lOO 

17.8 

79.7 ± 

76.6 

(4) 

Lockheed LlQll-50 

19.3 

65.6 t 

4.0 

(2) 

With Recirculation 





Boeing 737-300 

14.2 

17.7 ± 

10.0 

(9) 

Boeing 747 

14.7 

22.4 ± 

8.5 

(5) 

Boeing 757 

15.6 

27.5 ± 

10.9 

(A) 

Boeing 767 

10.4 

19.5 ± 

9.7 

(A) 

McDonnell Douglas DC9-80/ 

M080 

19.7 

25.9 ± 

9.7 

(13) 

* Aircraft types with only one 
** Average ^ standard deviation 

monitored flight are 
(ninOir of flights) 

excluded. 
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FIGURE 4-7. FREQUENCY DISTRIBUTION OF MEASURED AIR EXCHANGE 
RATES INVOLVING AIRCRAFT WITH RECIRCUUTION 
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TABLE 4-12. MEASURED AIR EXCHANGE RATES FOR SMOKING AND 

NONSMOKING FLIGHTS INVOLVING SELECTED AIRCRAFT 
WITH RECIRCULATION 


Type of Aircraft 


A1r Exchange Rate, 1/h* 


Smoking 

nights 


Nonsmoking 

Flights 


Boeing 737-300 
Boeing 757 

McDonnell Douglas DC9-80/MDao 


21-0 t 8.6(7) 
29.6 ± 12.3(3) 
25.0 1 10.3(11) 


6.1 ± 4.0(2) 
21.0 ( 1 ) 
30.5 t 2.8(2) 


* Average ± standard 

TABLE 4-13. 

deviation (number of flights) 

SUMMARY OF TEMPERATURE. RELATIVE HUMIDITY 
PRESSURE MEASUREMENTS 

AND 

Type Of Measurement 

Average 

Standard Deviation 

Range 

Temperature, ‘C 




Smoking flights 

24.3 

l.l 

21,8-27.3 

Nonsmoking flights 

24.1 

1.6 

21.0-27,2 

Relative Hunidity. t 




Smoking flights 

15.5 

6.2 

4.7-38.2 

Nonsmoking flights 

21.5 

5.1 

9.9-30.8 

Cabin Pressure, nm Ho 



Smoking flights 

635 

25 

582-696 

Nonsmoking flights 

686 

51 

612-775 
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The average cabin pressure was lower for smoking than for nonsmoking 
flights, consistent with higher altitudes that are generally attained on 
longer flights for which smoking Is permitted. 

Frequency distributions for temperature and relative humidity 
across all study flights are given In Figure 4-8. More than one-third of 
the flights had temperatures In the Interval from 24 to 25 *C, and more 
than a third of the flights had humidity levels in the range from 10 to 
IS percent. Humidity levels were below 25 percent on about 90 percent of 
the flights. 

4.2.2 ETS Contaminants 

Nicotine measurement results are summarized by technician seat 
location for both smoking and nonsmoking flights In Table 4-14, The 
results for smoking flights are for domestic and international flights 
combined, except for the remote seat; results are disaggregated for this 
location because the remote seat on international flights was 1n the busi¬ 
ness class at the boundary near the business smoking section. Nicotine 
levels were substantially higher in the coach smoking section of smoking 
flights, averaging 13.4 yg/m^, than at any other location. Measurements 
In the boundary section near coach smoking indicated some Impact of 
tobacco smoking: although the average level (0,26 yg/m^) In this boundary 
section was much lower than In the smoking section, the level at this 
monitoring location was higher than the average levels In the middle seat 
{0.04 yg/m3) and remote seat (0.03 yg/nP) for domestic flights. For 
international flights, the average level for the remote location near 
business smoking (0.18 ytj/m^) was similar to that for the boundary near 
coach smoking on all smoking flights. The levels 1n the middle and 
remote locations on smoking flights were similar to levels measured 
on nonsmoking flights, which in most cases were below minimum detection 
limns. 


Cumulative frequency distributions for nicotine measurements on 
nonsmoking flights are shown In Figure 4-9. The distribution for the 
smoking section indicates a relatively smooth continue of measured 
levels, with only the maxlntm value of 67.2 yg/m^ somewhat distant from 
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FIGURE 4-8. FREQUENCY DISTRIBUTIONS FOR TEMPERATURE 

AND RELATIVE HUMIDITY. BASED ON ALL MONITORED 
FLIGHTS 
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TABLE 4-U. MEASURED NICOTINE CONCENTRATIONS POR SMOKING AND 
nonsmoking flights 




Results by Seat Location, pg/m^ 


Type of Flight 
(Numter) 

Smoking* 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 
(Inter¬ 
national ) 

Smoking Flights (69)*“ 

Average 

13.43 

0.26 

0.04 

0.03 

0.18 

Standard Deviation 

14.74 

0.B6 

0.14 

0.08 

0.23 

Maximum 

67.24 

6.12 

0.94 

0.40 

0.60 

Percent Below 

Minimum Detection*** 

4.30 

54.40 

82.60 

72.10 

25.00 

Nonsmoking Flights (23) 

Average 

0.0 

— 

0.08 

— 

-- 

Standard Deviation 

0.0 

— 

0.16 

“ 

-- 

Maximum 

0.0 

— 

0.46 

— 

— 

Percent Below 

100.0 

• • 

78.30 

« m 

• • 

Mlnlmun Detection*** 

* Rear of aircraft for 

nonsmoking 

flights. 





** $1 domestic and 8 International fllQhts. 

*** The mlnlriKn detection level was 0.02 vg, (corresponding to a nicotine 
concentration of 0.1 pg/nH for a sampling duration of two hours. 
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FIGURE 4-9. CUMULATIVE FREQUENCY DISTRIBUTIONS FOR NICOTINE 
CONCENTRATIONS MEASURED ON DOMESTIC SMOKING AND 
NONSMOKING FLIGHTS 
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Its nearest neighbor (47.4 pg/m^). The highest boundary result for 
domestic smoking flights (3.5 pg/m^) was quite distant from the next 
highest result at this location (0.6 jjg/m-^). The highest results for the 
middle location were 0.9 and 0.2 yg/m^, and the highest results for the 
remote location were 0.4 and 0.3 jjg/m^. These maximum values for the 
remote site are only slightly above the minimum detection level of O.i 
pg/m^ for a two-hour flight. 

The gravimetric RSP measurements are summarized by technician 
seat location for smoking and nonsmoking flights in Table 4-15. Because 
of the relatively short sampling duration and consequent measurement 
uncertainty, special treatment of these data was required. In most field 
monitoring studies, results that are negative (after netting out values 
obtained for field blanks) would be assigned a value of zero; however, ln 
this situation such a practice would have exerted a significant positive 
bias on the results, particularly for the nonsmoking flights, because of 
the relatively short sampling duration. For example, historical data from 
the laboratory used for gravimetric determinations indicate a standard ' 
deviation on the order of ±7 yg for analysis of blanks. Consequently, 
mass determinations could easily vary from -21 to +21 pg (I.e., + three 
Standard deviations). As a result, for a one-hour sampling duration com¬ 
mon for nonsmoking flights, corresponding to a sample volume of O.l m^, 
the measurement result for a prevailing concentration near zero could vary 
from -210 to +210 yg/n^ (the lowest result obtained was -195 pg/m^). 

In view of the above consideration, sampling results with values 
below those of field blanks were kept as negative values in computing the 
simmary statistics. With this treatment of the data, RSP levels fer 
nonsmoking flights were similar to those measured In the boundary, middle, 
and remote locations on smoking flights. The levels In the smoking sec¬ 
tion for smoking flights, however, were considerably higher, exceeding 
those In ether locations by more than 100 pg/m^ on the average. The con¬ 
siderably higher standard deviations for nonsmoking flights are a reflec¬ 
tion of the measurement uncertainty due to short sampling duration. The 
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TABLE 4-15. MEASURED RSP {GRAVIMETRIC) CONCENTRATIONS FOR 
SMOKING AND NONSMOKING FLIGHTS 


Riisults by Seat Location, pQ/nP 


Type Of FIIght 
(Nianber) 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 
(Inter¬ 
national ) 

Snokino niohts {69) 






Average 

174.6 

67.5 

42.5 

54.1 

36.7 

Standard Deviation 

104.1 

60.6 

61.4 

63.5 

15.6 

Maximum 

4S6.3 

239.4 

174.3 

185.8 

57,3 

Nonsmoklno Flights (23) 





Average 

59.3 

— 

69.4 

— 

-- 

Standard Deviation 

US.3 

-- 

142.4 

— 

-- 

Maxlmun 

350.2 

— 

396.9 

— 

-- 
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counterintuitive result of higher RSP levels at the remote location for 
domestic than for International flights ma^^ also be an artifact of 
(Tteasurement uncertainty; the international results, for flights of con¬ 
siderably longer duration, had a much smaller standard deviation. 

Cumulative frequency distributions for gravimetric RSP measure¬ 
ments on domestic smoking and nonsmoking flights are shown in Figure 4-10. 
Negative results, shown in the graph as values of zero, were obtained In 
about five percent of the cases for the smoking section, In 15 to 25 per¬ 
cent of cases for other locations on smoking flights, and in 25 to 30 per¬ 
cent of cases on nonsmoking flights. The distributions for each location 
on smoking flights indicate a relatively smooth contlnuin of measured 
levels. For nonsmoking flights, the maximum values at each location 
(397 yg/m^ for the middle seat and 350 yg/m^for the near seat) are more 
distant from their nearest neighbors (266 and 197 yg/m^, respectively), 
another possible reflection of measurement uncertainty for these shorter- 
duratlon flights. 

Continuous monitoring with an optical sensor afforded the oppor¬ 
tunity to quantitate RSP levels both before and during the period when 
smoking was allowed on smoking flights (and prior to takeoff for 
nonsmoking flights). As shown In Figure 4-11, RSP levels during the base¬ 
line period (prior to smoking/takeoff) consistently averaged between 20 
and 30 yg/m^ across all seat locations, both for smoking and nonsmoking 
flights. After the baseline period, however, RSP levels declined somewhat 
on nonsmoking flights whereas levels on smoking flights Increased by a 
factor of tan in the smoking section and by a factor of two in the boun¬ 
dary. section. 

Stjnmary statistics for optically measured RSP levels, based on 
averaging of the continuous results across the sampling period for each 
flight, are given in Table 4-16. In contrast to the gravimetric results, 
the optical results Indicated higher levels In all sections of smoking 
flights than on nonsmoking flights. The difference between the boundary 
section and the middle/remote locations was somewhat more pronounced for 
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SMOKING R.IQHTS 



PeRCCNT OF FLIGHTS 

0 REMOTE o MIDDLE ^ BOUNDARY SMOKING 


NONSMOKING FLIGHTS 



PERCENT OF FUOHTS 
« MtDOLE X REAR 

FIGURE 4-10. CURULATIVE FREQUENCY DISTRIBUTIONS FOR GRAVIMETRIC RSP 
CONCENTRATIONS MEASURED ON DOMESTIC SMOKING AND 

nonsmoking flights 
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FIGURE 4-11. AVERAGE RSP (OPTICAL) CONCENTRATIONS BEFORE VERSUS DURING 
SMOKING (BEFORE TAKEOFF VERSUS WHILE AIRBORNE FOR 
NONSMOKING FLIGHTS) 
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TABLE 4-16. MEASURED AVERAGE fl:5P (OPTICAL) CONCENTRATIONS FOR 
SMOKING AND NONSMOKING FLIGHTS 




Results by 

Seat Location, yg/m^ 

Type of Flight 
(Number) 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 
(Inter¬ 
national ) 

Smoking FIIqhts (69) 






Baseline (before 
smoking) 

18.8 

19.2 

19.9 

17.5 

17.9 

Average (during 
smoking) 

177.0 

39.7 

18.8 

17.4 

21.5 

Standard Deviation 

103.0 

35.6 

18.5 

15.9 

10.3 

Maximum 

499.3 

179.5 

117.6 

103.0 

39.0 

Nonsmoking Flights (23) 





Baseline (before 
takeoff) 

16.5 

-- 

17.4 

— 

-- 

Average (while 
airborne) 

10.3 

— 

10.6 

— 

— 

Standard Deviation 

e.2 

-- 

5.7 

-- 

— 

Maximum 

29.8 

-- 

17.7 

-- 

-- 
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the optica! than the gravimetric results. The optical results for the 
remote section were more In line with expectations, with the international 
flights having slightly higher levels than domestic flights. The optical 
results were Internally consistent, with similar averages for nonsmoking 
and smoking flights during the baseline period, similar averages for the 
two locations on nonsmoking flights during the airborne period, and similar 
averages for the middle and remote locations on smoking flights during the 
smoking period. Further analysis and discussion of the gravimetric and 
optical results are provided In Section 5.0. 

Cumulative frequency distributions are shown In Figure 4-12 for 
the time-averaged optical measurements during the smoking period. The 
distributions Indicate a relatively smooth continuum of measured levels for 
smoking and boundary locations on smoking flights and for both monitoring 
locations on nonsmoking flights. For the middle and remote locations on 
smoking flights, the maxlmim values (118 and 103 pg/m^) were quite distant 
from their respective nearest neighbors (44 and 46 pg/nt3). 

The nimber of observations available for optical RSP measurements 
varied somewhat with technician location due to occasional Instrument 
failures. For smoking flights, there were 65 observations for the smoking 
location, €3 observations for the boundary location, 62 observations for 
the middle location, and 58 observations for the remote location. For 
nonsmoking flights, there were 19 observations for each location. 

0ne-ffl1nute peak RSP levels that were measured with optical sen¬ 
sors are sumarlzed In Tabic 4-12. The peak levels on nonsmoking flights 
were not substantielly greater than average levels, whereas on smoking 
flights the peak levels averaged near 70 pg/m^ In the remote and middle 
sections, above 200 pg/nP in the boundary section, and near 900 yg/oP 
In the smoking section. Peak levels at the remote site averaged substan¬ 
tially higher for International than for domestic smoking nights. The 
ratio of peak-to-averagt RSP concentrations (Table 4-16} was highest in 
the smoking end boundary sections, next highest In the middle and fonote 
locations, and lowest on nonsmoking flights. Thesa results collectively 
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FIGURE 4-12. CUMULATIVE FREQUENCY DISTRIBUTIONS FOR TIME-AVERAGED 
OPTICAL RSP CONCENTRATIONS MEASURED ON DOMESTIC 
SMOKING AND NONSMOKING FLIGHTS 
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TABLE 4-17. MLASUREO PEAK RSP (OPTICAL) C0><CEHTRAT10NS fOft 
SMOKING AND NONSMOKING FLIGHTS 




Results by 

Seat Location, yg/m^ 


Type of Flight 
(Number) 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 
(Inter¬ 
national ) 

Smoking Flights (69) 

Average (during smoking) 

8B3.4 

211.8 

66.7 

60.4 

137.1 

Standard Deviation 

436.7 

306.6 

112.8 

90.6 

49.7 

Maximum 

2076.3 

2275.5 

732.2 

614.0 

198.3 

Nonsmoking Flights (23) 

Average (while airborne) 

18.2 

— 

16.4 

-- 

-- 

Standard Deviation 

8.9 

— 

5.9 

— 

-- 

Maxlmun 

45.2 

-- 

35.7 

— 

-- 
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TABLE 4-18. RATIO OF PEAK-TO-AVERAGE RSP (OPTICAL) CONCENTRATIONS 
FOR SMOKING AND NONSMOKING FLIGHTS DURING 
PERIOD WHEN SMOKING WAS ALLOWED* 




Results 

by Seat Location 


Type of Flight 
(Number) 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 
(Inter¬ 
national ) 

Smoking Flights (69) 

Average Ratio 

5.7 

5.5 

3.9 

3.3 

6.9 

Standard Deviation 

2.5 

3.7 

3.1 

2.3 

2.1 

Maximum 

13.3 

18.0 

17.9 

14.4 

9.6 

Nonsmoking Flights (23) 

Average Ratio 

2.5 

-- 

2.3 

— 

-- 

standard Deviation 

1.5 

-- 

1.8 


-- 

Maxlmun 

5.4 

— 

6.5 

— 

— 


• While airborne for nonsmoking flights. 
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Indicate (1) that tobacco smoking had some Impacts on ETS levels ln the 
other sections of the aircraft and (2) that the impacts were most pro¬ 
nounced In the boundary section. 

Time-averaged CO levels on both smoking and nonsmoking flights were 
higher during the baseline period than the smoking/airborne period 
(Table 4-19) for both smoking and nonsmoking flights, due to intrusion of 
ground-level emissions outside the aircraft. During the smoking period, 
average CO levels were highest in the smoking section; the levels in the 
other sections of smoking flights were similar to but slightly higher than 
those for nonsmoking flights. Domestic and International smoking flights 
had similar average CO values for the remote location. The cumulative 
frequency distributions shown in Figure 4-13 indicate a relatively smooth 
continuum of time-averaged CO levels for the smoking section, an isolated 
high value for the remote section, and several high values for the middle 
section. 


The number of observations available for CO measurements varied 
with technician location due to occasional Instrument failures. For 
smoking flights, there were 68 observations for the smoking location, 

64 observations for the boundary location, 60 observations for the middle 
location, and 53 observations for the remote location. For nonsmoking 
flights, there were 16 observations for the location near the rear of the 
plane and 18 observations for the middle location. 

As shown tn Table 4-20, one-minute peak CO levels had a pattern 
similar to that of tlnw-averaged CO levels, with the highest peaks In the 
smoking stctlon and peaks In the other sections of smoking flights 
generally averaging somewhat higher than for nonsmoking flights. 
International flights had higher peak levels In the remote section, on the 
average, than domestic smoking flights. The ratios of peak-to-average CO 
levels (Table 4-21) were similar both across seats on smoking flights and 
for smoking versus nonsmoking flights. For nonsmoking flights, the ratios 
for CO were similar to those for RSP, whereas the smoking flights had 
higher ratios for RSP than for CO. 
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TABLE 4-13. MEASURED AVERAGE CO CONCENTRATIOHS FOR 
SMOKING AND NONSMOKING FLIGHTS 




Results by 

Seat Location, ppm 


Type of Flight 
(Number) 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 

(Inter¬ 

national 

Smoking Flights (S9) 

Baseline (before smoking) 

2.0 

1.7 

1.9 

2.0 

1.9 

Average (during smoking) 

1.4 

0.6 

0.7 

0.8 

0.8 

Standard Deviation 

0.9 

0.4 

0.5 

0.4 

0.5 

Maximun 

4.3 

1.8 

2.6 

2.5 

1.4 

Nonsmoking Flights (23) 

Baseline (before takeoff) 

1.9 

-- 

1.4 

-- 

-- 

Average (while airborne) 

0.6 

— 

O.S 

— 

-- 

Standard Deviation 

0.4 

— 

0.4 

— 

-- 

Maximum 

1.3 


1.3 

— 
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SMOKING KUQHTS 




FIGURE 4-13. CUMUUTIVE FREQUENCY DISTRIBUTIONS FOR TIME-AVERAGED 
CO CONCENTRATIONS MEASURED ON DOMESTIC SMOKING AND 
NONSMOKING FLIGHTS 
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TABLE 4-20. MEASURED PEAK CO CONCENTRATIONS FOR 
SMOKING AND NONSMOKING FLIGHTS 


Results by Seat Location, ppm 


Remote 


Type of Flight 
(Num&er) 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

(Inter¬ 
national ) 

Smoking Flights (69) 

Average (during smoking) 

3.4 

1.4 

1.7 

l.S 

1.9 

Standard Deviation 

1.6 

0.7 

1.0 

0.7 

O.S 

Maximum 

8.0 

3.3 

6.6 

4.5 

2.6 

Nonsmoking FIiqhts (23) 

Average (while airborne) 

1.3 

-- 

0.9 

-- 

-- 

Standard Deviation 

0.6 

-- 

0.4 

-- 


Maximum 

2.4 

-- 

1.9 

“ 

-- 
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TA8LE A-21. RATIO OF PEAK-TO-AVERAGE CO CONCENTRATIONS FOR SNORING 
AND NONSMOKING FLIGHTS DURING PERIOD WHEN SMOKING HAS 
ALLOWED* 




Results 

by Seat 

Location 


Type of FIIght 
(Nufltber] 

Smoking 

Boundary 

Middle 

Remote 

(Domestic) 

Remote 

(Inter¬ 

national) 

Smoking Flights (69) 

Average Ratio 

2.8 

2.7 

2.5 

2.3 

3.2 

Standard Deviation 

1.3 

1.3 

0.9 

1.5 

2.4 

Maximum 

9.0 

7.5 

6.0 

7.0 

7.5 

Nonsmoking Flights (23) 

Average Ratio 

2.6 

-- 

3.2 

— 

— 

Standard Deviation 

1.5 

-- 

2.5 

-- 

-- 

Maximum 

6.0 

__ 

11.0 


... 


• While airborne for nonsmoKIng flights. 
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Levels of ETS conta/ninants measured on domestic smoking flignts 
versus International flights are surrmarlzed in Table 4-22. RSP levels in 
the smoking section were lower on International than domestic flights, 
consistent with lower smoking rates per smoking passenger observed for 
longer flights (due. for example, to periods of sleeping). Average RSP 
levels In the other sections were similar for the two types of flights. 
International flights had higher peak RSP levels throughout all sections, 
however, most likely because of larger smoking sections with many people 
smoking simultaneously after takeoff or after meals. Nicotine levels and 
peak CO levels also were generally somewhat higher throughout the 
aircraft for international flights. The higher nicotine levels in the 
smoking section for International flights (despite lower average RSP 
levels) could be due to different cigarette brands used by foreign 
passengers, and the greater apparent migration of nicotine to the 
nonsmoking locations could he due either to more extensive use of recir¬ 
culation or a more uniform distribution of smoking across the wlde-body 
aircraft used for the International flights. 

4.2.3 Carbon Dioxide and Pollutants 

Average COg levels (Table 4-23) were somewhat lower on smoking 
than nonsmoking flights, indicative of generally higher air exchange rates 
on smoking flights. On both types of flights, however, average CO 2 levels 
exceeded 1,000 ppm 87 percent of the time and sometimes exceeded 
3,000 ppm. Thus, due to the relatively high density of occupants, CO 2 
levels in aircraft cabins often exceeded ASHRAE guidelines associated with 
satisfaction of comfort criteria, despite air exchange rates that are much 
higher than those for ground-level indoor environments. The frequency 
distributions provided In figure 4-14 indicate (1) that CO 2 levels were 
typically between 1,000 and 2,000 ppm for smoking flights and between 
1,000 and 2,500 ppm for nonsmoking flights, and (2) that the two locations 
monitored for smoking flights had similar distributions. 

Average measurement results for both total bacteria and Staphylo ¬ 
coccus (Table 4-24) were similar for smoking and nonsnwklng flights; the 
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TABU 4-22. LEVELS OF ETS COHTAHIMAHTS MEASURED ON DOMESTIC SMOKING AND INTERNATIONAL FLIGHTS 


I 


Results by Seat Location. Average ± Standard Deviation 


Type of FliQht ----- 

(Nunber) Smoking Boundary Middle Remote 


Domestic Smoking Flights (61) 







Average RSP (Gravimetric), pg/m^ 

160.6 ± 

106.B 

69.7 1 62.9 

42.5 ± 

64.6 

54.1 t 63.5 

Average RSP (Optical), pg/m^ 

161.7 t 

106.5 

36.9 ± 36.9 

16.9 1 

17.6 

17.4 ± 15.9 

Peak RSP (Optical), pg/m^ 

ess.o i 

435.4 

202.7 ± 323.7 

56.1 ± 

99.1 

60.4 ± 90.6 

Average Nicotine, pg/m^ 

13.2 ± 

15.0 

0.14 1 0.46 

0.03 ± 

0.13 

0.03 1 0.06 

Average CO. ppm 

1.5 t 

0.9 

0.6 1 0.4 

0.7 ± 

0.6 

0.8 t 0.4 

Peak CO. ppm 

3.4 ± 

1.6 

1,4 ± 0.7 

1-7 ± 

1.1 

1.5 i 0.7 

International Flights (6) 







Average RSP (Gravimetric), pg/m^ 

129.0 1 

70.4 

51.2 ± 37.6 

41.9 1 

25.4 

36.7 1 15.6 

Average RSP (Optical), pg/m^ 

143.3 ± 

69.6 

45.7 ± 23.7 

31.0 1 

20.9 

21.5 t 10.3 

Peak RSP (Optical), pg/m^ 

1065.5 1 

416.4 

285.0 t 129.1 

154.1 1 

163.7 

137.1 ± 49,7 

Average Nicotine, pg/m^ 

15.1 t 

13.6 

I.IO 1 2.07 

0.10 ± 

0.18 

0.18 i 0.23 

Average CO. ppm 

1.2 1 

0.7 

0.7 t 0.5 

O.B 1 

0.3 

0.8 ± 0.5 

Peak CO, ppm 

3.7 * 

1.7 

1.7 t D.9 

1.5 ± 

0.9 

1.9 ± 0.6 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



TABLE <-23. MEASURED COp CONCENTRATIONS FOR 
SMOKING AND NONSMOKING FLIGHTS 


Type Of night 
(Number) 

Smoking F!1ghts (69) 
Average, ppm 
Standard Deviation 
Minimum 
Maximum 

Nonsmoking Flights (23) 
Average, ppm 
Standard Deviation 
Minimum 
Maximum 


Seat Location 
Smoking Middle 


1562 

1568 

685 

488 

711 

597 

4943 

3078 


-- 

1756 

-- 

660 

— 

765 


3157 
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FIGURE 4-14. FREQUENCY DISTRIBUTIONS FOR CO 2 LEVELS MEASURED OM 
SMOKING AND NONSMOKING FLIGHTS 
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TABLE 4-24. MEASURED BACTERIA CONCENTRATIONS FOR 
SMOKING AND NONSMOKING FLIGHTS 



Total 

Bacteria 

Staphylococcus 

Type of FIfght 
(Numtoer^ 

Smoking 

Seat 

Middle 

Seat 

Smoking 

Seat 

Middle 

Seat 

Smoking Flights (69) 

Average, CFU/m^ 

162.7 

131.2 

14.1 

5.3 

Standard Deviation 

105.8 

88.6 

20.6 

9.2 

Maximum 

556.4 

462.1 

97.8 

45.0 

Percent Below 

0.0 

0.0 

50.7 

62.3 

Minimum Detection 

Nonsmoking Flights (23) 

Average, CFU/m^ 

— 

131.1 

— 

6.5 

Standard Deviation 

-- 

123.4 

-- 

9.6 

Maximum 

-- 

641.6 

— 

30.0 

Percent Below 

• • 

0,0 


56.5 

Minimum Detection 


4-48 


Pl\/I3006451314 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



levels were, however, slightly higher In the smoking than nonsmoking sec¬ 
tions, possibly due to a higher proportion of passengers with respiratory 
conditions in the smoking section. Another possibility is that skin 
scales attach to settled particles and are resuspended by the movement of 
people, resulting in higher Staphylococcus levels In areas where particle 
concentrations are higher. 

Average fungi results (Table 4-Z5) were very low on all flights: 
the levels were somewhat higher on nonsmoking flights, possibly due to 
slower removal (associated with lower air exchange rates) of fungi 
entrained at the gate and before takeoff. The most prevalent types of 
bacteria, measured on more than a third of the flights, were 
Staphylococcus aureus . Staphylococcus not aureus , Micrococcus varlans . 
Micrococcus sedentarlus , Corynebacterlum , and Arthrobacter (Table 4-Z6). 
The most prevalent types of fungi were Cladosporlum and Alternarla 
(Table 4-27); apart from these types, only Penlcllllum was detected on 
more than 10 percent of the monitored flights. 

Average ozone levels on the mohitored flights (Table 4-28) also 
were relatively low, never exceeding 0.1 ppm. Average levels were 
somewhat higher for nonsmoking than smoking flights; the difference could 
be due to flight paths, air exchange rates, cleaning equipment for 
aircraft, or poorer accuracy/precision for nonsmoking flights due to rela¬ 
tively short sample-collection intervals. 

4.3 QUALITY CONTROL SAMPLES 

Samplers were deployed In duplicate on selected flights to esti¬ 
mate measurement precision for nicotine, RSP. CO 2 . and ozone. The average 
precision for each measurement parameter 1s sumarlzed in Table 4-29. 

With the exception of CO 2 , the precision Is poorer than would normally be 
expected. The poorer precision is due to the relatively short sampling 
duration; the typical monitoring duration for this study was several 
hours, whereas for most field monitoring studies the duration would>be 
eight hours or longer. 


4-49 


PM3006451315 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



TABLE 4-25. MEASURED FUNGI CONCENTRATIONS FOR 
SMOKING AND NONSMOKING FLIGHTS 



Seat 

Location 

1ypc 0* r 11 jnW 
(Number) 

Smoking 

Middle 

Smoking Flights (69) 

Average, CFU/m^ 

5.9 

S.O 

Standard Deviation 

6.4 

5.8 

Maximum 

29.2 

32.0 

Percent Below MlnimLin Detection 

11.6 

13.0 

Nonsmoking Flights (23) 

Average, CFU/m^ 

-- 

9.0 

Standard Deviation 

— 

12.7 

Maximum 

-- 

61.1 

Percent Below H1n1mi*n Detection 

— 

4.3 
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TABU 4-26. PERCENT OF FLIGHTS ON WHICH DIFFERENT TYPES 
OF BACTERIA WERE DETECTED 



Smoking 

FIights 

Nonsmoking 

Bacterfa 

Middle 

Smoking 

Middle 

Micrococcus varlans 

92.3i 

91.01 

95.51 

Staphylococcus not aureus 

78.5t 

65.71 

81.81 

Corynebacterlum 

61.5X 

53.71 

66.41 

Arthrobacter 

63.It 

65.71 

40.91 

Micrococcus sedentarlus 

53.8% 

64.21 

54.51 

Staphylococcus aureus 

38.5X 

49.31 

45.51 

Micrococcus nlshlnomlyaensls 

26.2t 

9.01 

45.51 

Streptococcus not pyogenes 

15.4t 

15.41 

4.51 

Gram positive rod 

13.81 

11.91 

22.71 

Bacillus 

12.31 

9.01 

9.11 

Micrococcus lylae 

6.21 

3.01 

0.01 

Micrococcus roseus 

4.61 

3.01 

13.61 

Micrococcus kristinae 

3.11 

0.01 

0.01 

Micrococcus luteus 

1.51 

13.41 

0.01 

Gram negative rod 

0.01 

3.01 

0.01 

Gram negative cocci 

l.Sl 

0.01 

0.01 

Gram variable cocci 

l.Sl 

1.51 

0.01 

Gram variable rod 

1.51 

3.01 

0.01 

StoiMtacoccus 

0.01 

1.51 

0.01 

Streptococcus pyoganes 

0.01 

0.01 

o:oi 
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TABLE 4-27. PERCENT OF FLIGHTS ON WHICH DIFFERENT TYPES 
OF FUNGI HERE DETECTED 


Fungi 


Smoking Flights Nonsmoking 
Middle Smoking Middle 


CTadosporlum 

Alternarea 

Aspergillus niger 

Penicinium 

Epicoccum 

Black yeast 

Aspergillus 

Curvalarla 

Arthrinlum 

Hucor 

PIthomyces 

Drechslera 

Nigrospora 

MonHla 

Aspergillus glaucus 
SporotrlChum 
White yeast 
Aspergillus fumlgatus 
Phlalophora . 

Eryslphe 

Scopulanopsls 

Yeast 

Botrytls 

Unidentified fungi 


72.3t 

70.1% 

90.9% 

46.2% 

43.3% 

31.S% 

9.2% 

1.5% 

9.1% 

7.7% 

10.4% 

18.2% 

7.7% 

6.0% 

9.1% 

1.5% 

6.0% 

9.1% 

6.2% 

4.5% 

0.0% 

4.6% 

3.0% 

4.5% 

4.6% 

1.5% 

4.5% 

4.6% 

4.5% 

4.5% 

4.6% 

1.5% 

0.0% 

0.0% 

1.5% 

4.5% 

3.1% 

3.0% 

0.0% 

0.0% 

0.0% 

4.5% 

0.0% 

0.0% 

4.5% 

0.0% 

3.0% 

0.0% 

1.5% 

1.5% 

0.0% 

1.5% 

1.5% 

0.0% 

0.0% 

1.5% 

0.0% 

1.5% 

0.0% 

0.0% 

1.5% 

0.0% 

0.0% 

0.0% 

1.5% 

0.0% 

0.0% 

1.5% 

0.0% 

1.5% 

0.0% 

0.0% 
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TABLE 4-28. MEASURED OZONE CONCENTRATIONS FOR 
Smoking and nonsmoking flights 


Type of Flight 
(Number) 

Seat 

Location 

Boundary* 

Remote 

Smoking Flights (69) 

Average, ppm 

0.010 

0.010 

Standard Deviation 

o.ou 

O.OII 

Maximum 

0.054 

0.044 

Percent Below Minimum Detection 

22.0 

24,5 

Nonsmoking Flights (23) 

Average, ppm 

0.022 

-- 

Standard Deviation 

0.023 

— 

Maximum 

0.078 

“ 

Percent Below Minimum Detection 

0.0 

-- 


•Middle seat on nonsmoKIng flights. 
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TABLE *-29. MEASUREMENT PRECISION FOR SELECTED PARAMETERS 


Measuren>ent 

Average 

Paranieter 

Precision* 

Nicotine 

± 27t 

RSP 

± 33t 

CO 2 

± 81 

Ozone 

± 371 


* Precision for e set of duplicate saj^lers is the standard 
deviation for the two results expressed as a percent of 
the average result. 
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Section 5.0 


SYNTHESIS AND DISCUSSION 

Selected results from the previous section are synthesized and 
discussed In Section 5.1. In Section 5.Z, ETS contaminants and pollutants 
are further analyzed and discussed In terms of the consistency of results 
and factors related to variations in measured concentrations. 

5.1 SYNTHESIS OF MONITORING RESULTS 

5.1.1 ETS Contaminants 

Average values for various measurement parameters related to ETS 
contaminants are sianrarized by monitoring location for both smoking and 
nonsmoking flights in Table 5-1. The results are segregated by particle- 
phase versus gas-phase measurements. Both gravimetric and optical 
particle-phase measurements are given in the table. As noted in Section 
4.2, there was greater uncertainty for the gravimetric measurements due to 
relatively short monitoring durations for a number of flights. Further, 
as shown later In this section, the optical results were more strongly 
correlated with observed smoking rates than were the gravimetric results. 
At the same time, however, the gravimetric method Is a well-established 
technique that has been successfully used for measuring average RSP levels 
in many other environments, whereas the optical method has had more 
1Ifflited use. 

The average of the RSP measurement results from the optical and 
gravimetric methods was used for purposes of risk assessment. As sum¬ 
marized in Table 5-2. the combined results indicated that average RSP 
levels In the coach smoking section exceeded those In the no-smoking sec¬ 
tion and on nonsmoking flights by approximately lOO pg/m^. Average levels 
In the boundary region near coach smoking were also somewhat higher than 
at the other no-smoking locations or on nonsmoking flights. The combined 
results for nonsmoking flights are consistent with RSP values that have 
been reported for other nonsmoking microenvironments (Repece 1967). 
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TABLE 5-1. AVERAGE VALUES ON SMOKING AND NONSMOKING FLIGHTS 
FOR PARAMETERS RELATED TO ETS CONTAMINANTS 


I 

fS> 



Smoking Flights 

Nonsmoking FIIghts 

ParaiMter 

Smoking Boundary Middle Remote 

Smoking Middle 


Particle-Phase Measurements 


Average RSP (Gravimetric), ug/m^ 
Average RSP (Optical), 

174.6 

67.5 

42.5 

52.1 

59.3 

69.4 

177.0 

39.7 

IB.8 

17.9 

10.3 

10 6 

Peak RSP (Optica?), pg/m^ 

833.4 

211.B 

60.7 

69.6 

16.2 

16 4 

Peak/Average RSP Ratio 

5.7 

5.5 

3.9 

3.7 

2.5 

2.3 

Gas-Phase Measurements 

Average Nicotine, pg/m^ 

Percent Nicotine Samples 

BeloM Minimum Detection 

13.43 

0.26 

0.04 

0.05 

0.0 

0 08 

4.3 

54.4 

82.6 

66.7 

100.0 

7B.3 

Average CO, ppm 

1.4 

0.6 

0.7 

0.8 

0.6 

0.5 

Peak CO, ppm 

3.4 

1.4 

1.7 

1.6 

1.3 

0.9 

Peak/Average CO Ratio 

2.6 

Z.7 

2.5 

2.4 

2.6 

3.2 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 


TABLE 5-2. COMPARISON OF RESPIRABLE PARTICLE MEASUREMENTS BY TWO 
DIFFERENT METHODS ON DOMESTIC SMOKING FLIGHTS, 
INTERNATIONAL FLIGHTS, AND DOMESTIC NONSMOKING FLIGHTS 


Results by Seat Location, yg/m^ 


Type of Flight/ 

Measurement Method Smoking Boundary Middle Remote 


Domestic Smoking Flights 


Gravimetric method 

180,6 

69.7 

42.5 

54,1 

Optical method 

1BU7 

38.9 

16.9 

17.4 

Average of two methods 

181,2 

54.3 

29.7 

35.8 

Internationa? flights* 





Gravimetric method 

129.0 

51.2 

41.9 

36.7 

Optical method 

143.3 

45.7 

31.0 

21.5 

Average of two methods 

136.2 

48.5 

36.5 

29.1 

Nonsmoking Flights 





Gravimetric method 

59,3 


69.4 

.... 

Optical method 

10.3 

-- 

10.6 


Average of two methods 

34.8 


40.0 



'Smoking was permitted on all international flights that were monitored 
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Peak RSP levels measured wUh optical sensors (Table 5-1) indi¬ 
cated even more pronounced differences between the boundary region and 
other no-smoking locations on smoking flights. The peak-to-average ratios 
for RSP were nearly Identical In the smoking and boundary sections, and 
the ratios In these sections were higher than for the other no-smok1ng 
locations on smoking flights. The ratios 1ft these other locations, 
however, were still higher than those for nonsmoking flights. Thus, 
tobacco smoking Itr^acted all other sections of the aircraft In terms of 
peak RSP levels that were measured optically, and the effects were most 
pronounced In the boundary section (In addition to the distinct effects in 
the smoking section Itself.) 

Effects of tobacco smoking, based on gas-phase measurements, were 
more discernible for nicotine than CO (Table 5-1). Beyond the marked 
Increase in nicotine in the smoking section, the boundary region was most 
affected. Differences between nicotine levels for the remaining no¬ 
smoking locations and levels on nonsmoking flights were within the range 
of measurement uncertainty, but nicotine levels were more often above 
detection limits in the no-smoking locations than on nonsmoking flights. 
Further, cases where nicotine was detected on nonsmoking flights may 
reflect residual contamination from prior smoking flights. The only 
discernible effect for CO was in the smoking section itself. The lack of 
any other measurable effect may be due to the relatively low levels that 
prevailed, thereby increasing measurement uncertainty, coupled with 
background levels due in part to Intrusion of ground-level emissions. 

Measurement results for optical RSP (peak and average) and nico¬ 
tine (average and percent above detection) are further siaimarlzed for each 
monitoring location In terms of 95-percent confidence intervals (I.e,, 
parameter estimates ± 2 standard errors) In Figures S-1 and 5-2. These 
confidence intervals generally reflect separation In ETS levels 
(1) between the smoking and boundary sections. (2) between the boundary 
section and other no-smok1ng locations for smoking flights, and (3) to a 
extent, between the other no-smoking locations and locations on 
nonsmoking flights. 
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Results of statistical tests to contrast levels of ETS con¬ 
taminants on smoking versus nonsmoking flights are given In Table 5-3. 
Comparisons were made for the monitoring locations cormwn to both types of 
flights (I.e., smoklng/rear and middle locations) using both parametric 
and nonparametrlc tests (the nonparametrlc tests do not require assump¬ 
tions of normality or homogeneity of variances). For the smoking/rear 
location, levels of all six ETS measurement parameters were significantly 
higher (p < 0.05) on smoking than nonsmoking flights. For the middle 
location, levels were significantly higher for continuously monitored 
parameters (optical RSP and CO) but not for Integrated-sample parameters 
(gravimetric RSP and nicotine). The only discrepancy between the two 
types of statistical tests was for average optical RSP at the middle loca¬ 
tion, for which the parametric test was significant at the 0.05 level but 
the significance level for the nonparametrlc test was 0.09. 

Results of statistical tests to contrast different sections 
within smoking flights are given In Table 5-4. Comparisons were made of 
the smoking versus boundary locations and the boundary versus middle loca¬ 
tions, again using both parametric and nonparametrlc tests. Levels of an 
six ETS measurement parameters were significantly higher (p < 0.05) in the 
smoking than the boundary location. The boundary location was signifi¬ 
cantly higher than the middle location for all ETS tracers except CO. The 
only discrepancy between the two types of statistical tests was for nico¬ 
tine at the boundary versus middle locations, for which the nonparametrlc 
teat was significant at the 0.05 level whereas the parametric test had a 
significance level of 0.08. Thus, these tests indicate a clear difference 
between ETS levels In the smoking versus boundary sections and, to a 
lesser extent, between the boundary and middle sections (particularly for 
particle-phase constituents). 

5.1.2 Carbon Dioxide and Pollutants 

Average values for various measurement piramcters related to 
pollutants are siannerizcd by monitoring location for smoking and 
nonsmoking flights In Table 5-5. Most noteworthy are the rcletlvcly high 


5-7 


Pl\/I3006451328 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



TABLE 5-3. RESULTS OF STATISTICAL TESTS* OF ETS LEVELS OH 
SMOKING VERSUS NONSMOKING FLIGHTS 


Measurement Parameter 

Parametric 

Test 

Nonparametrlc Test 

Smoking 

Middle 

Smoking 

Middle 

Gravimetric RSP 


0 

+ 

0 

Optical RSP (average) 

+ 

+ 

+ 

0 

Optical RSP (peak) 

+ 

+ 

+ 

+ 

Nicotine 


0 

+ 

0 

CO (average) 

+ 


♦ 

+ 

CO (peak 

+ 

+ 

+ 



* T-test used as parametric testi Hann-Whltney U-test used as non- 
parametnc test; + indicates that smoking flights are significantly 
higher than nonsmoking flights (p < 0.05); 0 Indicates that the dif¬ 
ference between flights is not significant. 
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TABLE 5-4. RESULTS OF STATISTICAL TESTS* OF ETS LEVELS IN 
DIFFERENT SECTIONS ON SMOKING FLIGHTS 


Measurement Parameter 

Parametric Test 

Nonparametric Test 

Smoking 

vs. 

Boundary 

Boundary 

vs. 

Middle 

Smoking 

vs. 

Boundary 

Boundary 

vs. 

Middle 

Gravimetric RSP 

+ 

* 



Optical RSP (average) 


+ 

+ 

+ 

Optical RSP (peak) 

+ 

+ 

+ 


Nicotine 

+ 

0 

■f 

+ 

CO (average) 

+ 

0 

+ 

0 

CO (peak) 

♦ 

0 

+ 

0 


• Paired t-test used as parametric test; Wllcoxon matched-pairs signed- 
ranks test used as nonparametric test; * Indicates that the first 
section listed 1$ significantly higher than the second (p < 0.05); 

0 Indicates that the difference between sections is not significant. 
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TABLE 5-5. AVERAGE VALUES ON SNORING AND NONSNOKING FLIGHTS 
FOR PARAMETERS RELATED TO POLLUTANTS 


Parameter 

Smoking Flights 

Smoking Middle 

Nonsmoking 

Flights 

Average CO 2 , Ppm 

1562 

1568 

1756 

Percent CO 2 Samples 

2 1,000 ppm 

87.0 

88.1 

87.0 

Average Ozone, ppm 

0.01 

O.OI 

0.02 

Percent Ozone Samples 
a 0.1 ppm 

0.0 

0.0 

0.0 

Average Bacteria, CFU/nP 

162,7 

131.2 

131.1 

Average Fungi, CFU/m^ 

5.9 

5.0 

9.0 
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C02 concentrations, which exceeded 1,000 ppm (the ASHRAE level associated 
with satisfaction of comfort criteria) on 87 percent of the monitored 
flights. Further discussion of the CO 2 measurement results is given In 
Section 5.2. 

Ozone levels were relatively low, averaging nearly an order of 
magnitude below the FAA 3-hour standard of O.l ppm and never exceeding 
the standard on monitored flights. Fungi levels were also very low, indi¬ 
cating little problem with sources attributable to the aircraft them¬ 
selves. Monitoring of fungi levels earlier In the flight might have 
better reflected the extent of intrusion from ground-level outdoor sour¬ 
ces, but this strategy was avoided to remain unobtrusive throughout most 
of the flight- Bacteria levels were slightly higher in the smoking sec¬ 
tions; the measured bacteria levels need to be contrasted with measure¬ 
ments from other environments to obtain further Insights concerning their 
relative significance. 

5.2 FURTHER ANALYSIS OF MONITORING RESULTS 

Additional analyses described and discussed In this section focus 
on (1) comparisons between two measurement methods for RSP, (2) RSP-to- 
nlcotlne ratios that were measured in this study, (3) factors related to 
variations in measured levels of ETS contaminants, (4) comparisons between 
measured and modeled CO 2 levels, and (5) factors related to variations in 
measured levels of pollutants. 

5.2.1 Comparison of RSP Measurement Methods 

As previously sixnnarlzed In Table 5-1, the optical RSP results 
were similar to the gravimetric results for the smoking section on 
smoking flights, whereas the gravimetric results were higher at all other 
monitoring locations, both for smoking and nonsmoking flights. One 
possible explanation Is that the opticel method is less sensitive to rSp 
from sources other than ETS. As Indicated by Ingebrethsen ct a1. (1988), 
the mass density of ETS particulate matter Is lower than that of standard 
test aerosols such as Arizona Road Oust. Consequently, the MINIRAM opti¬ 
cal sensors that were calibrated in an ETS-domlnated chamber environment 

5-11 


PM3006451332 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 




may have under-reported RSP concentrations when the prevailing average 
mass density was higher, as may have been the case on nonsmoking flights. 


Further insights were obtained by modeling average RSP con¬ 
centrations for the entire cabin as a single chamber. A dynamic model for 
cabin air quality can be stated as follows: 


d Cm F 
dt V 


S F 

Cout * " “ ” 
V V 


e*R*Cin 


V 


where 

Cm • Concentration within the cabin (u9/n»^) 

F - Fre$h-a1r Intake rate (m^/h) 

V * Cabin volume (m^) 

Cout “ Concentration outside the cabin (pg/m^) 

S « Emission rate (pg/h) 

e ■ Filter efficiency for RSP removal (dimensionless fraction) 
R - Air recirculation rate (m^/h). 


Under steady-state conditions (I.e., dCm/dt«0), the above equation 
reduces to: 


F • Cflut ♦ S 

Cln ■ - 

F + e • R 

Modeling was performed using nominal fresh-air Intake rates and 
recirculation rates given In Section 4.0, smoking rates estimated from 
technician observations, and an emission rate of 26,000 pg per cigarette 
(National Research Council 1986). An outdoor concentration of zero and a 
filter efficiency of 90 percent were assuned. Measured cab1n-w1de RSP 
concentrations were determined by weighting the monitoring results from 
each of the four measurement locations in proportion to the number of rows 
associated with each. Modeling was restricted to domestic smoking flights 
due to uncertainties concerning smoking rates In the business-class sec¬ 
tion of international flights. 
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Predicted and measured RSP concentrations for the two different 
methods are shown in Figure 5-3, together wUh the line of best fit for 
each. Predicted RSP values were 50 to 100 percent higher than measured 
values {a similar outcome was obtained in modeling results from the 
chamber tests used for calibration). The overprediction may be due In 
part to the fact that a term for particle deposition was not Included In 
the model due to uncertainty concerning an appropriate value for this 
parameter. 

The correspondence between predicted and measured values was 
better for optical measurements {correlation coefficient of 0.65) than for 
gravimetric measurements (correlation coefficient of 0.31). In addition, 
the average difference between predicted and measured values was lower for 
optical {55 percent) than gravimetric {64 percent) measurements. The y- 
intercepts for regression of measured against predicted values Indicate 
mcasurefnent results that can be expected In the absence of smoking. The 
larger intercept for gravimetric results (40.2 pg/m^) than for the optical 
results (18.7 pg/m^) may reflect a higher sensitivity of the gravimetric 
method to non-ETS sources of RSP. The Intercept for the optical measure¬ 
ments Is consistent with the optical results that were obtained during 
periods prior to smoking, which averaged near 16 pg/m^. 

The cabin-average RSP measurements were also regressed against 
selected variables (smoking rate, cabin volune, fresh-air Intake rate, and 
recirculation rate) to assess their relative predictability through an 
empirical model. The optical results had a stronger correlation with 
smoking rates (r ■ 0.61} than the gravimetric results (r ■ 0.33). The 
following regression eguatlon for the optical results Included three pre¬ 
dictor variables significant at the 0.05 level and explained 52 percent of 
the variance: 
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FIGURE 5-3. COMPARISON OF OPTICAL AND GRAVIMETRIC MEASUREMENT 

RESULTS WITH VALUES PREDICTED USING A SINGLE-CHAMBER 
MASS-BALANCE MODEL 
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( Optical RSP ■ 41.60 + 1.77 • Cigarettes/h - 0.B5 • Recirculation Rate 
(8.03) (0.29) (0.16) 

- 0.004 » Fresh-air Rate 

( 0 . 001 ) 

Standard errors for the Intercept and regression coefficients are given in 
parentheses in the above equation. For gravimetric measurements, there 
was only one significant predictor (smoking rate), which explained 11 per¬ 
cent of the variance; the following regression equation was obtained: 

Gravimetric RSP . 39.10 + 1.74 * Clgarettes/h 
(15.73) (0.71) 

A final comparison was made between the two methods based on five 
Northwest Airlines nonsmoking flights that were monitored during the study. 
These flights were of relatively longer duration and should have had 
little or no residual ETS levels due to Northwest’s no-smoking policy for 
all flights within the continental United States. Both the gravimetric 
and optical results (Table 5-6) for this subset of flights were somewhat 
lower, based on the average of the two monitored locations, than for all 
nonsmoking flights as a whole. The gravimetric results, however, were 
quite different at the two locations and had relatively high standard 
deviations, reflecting measurement uncertainty. 

The above analysis and discussion indicate that the RSP results 
obtained by optical methods are more Internally consistent and predictable 
than the results obtained by gravimetric methods. Thus, there are Indica¬ 
tions that optical measurements may be more sensitive to ETS than gravi¬ 
metric measurements and the level of uncertainty associated with the 
gravimetric measurements may be high for cases of low airborne RSP con¬ 
centrations and short sampling durations. However, as stated previously, 
the average of the RSP measurement results from the two methods was used 
for risk assessment purposes. 
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TABLE 5-S. RSP MEASUREMENT RESULTS OBTAINED BY TWO DIFFERENT 
methods oh Five NONSMOKING FLIGHTS WITH NORTHWEST 


airlines as the carrier 

Monitoring 

Location 

Measurement 

Result,* ug/nr3 

Gravimetric 

Optical 

Middle 

70.7 ± 53.5 

2.5 ± 0.2 

Rear 

27.0 ± 85.5 

7.7 ± 7.5 


*Avera 3 i t standard deviation. 
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5.2.2 Ratios Betwten RSP and Nicotine 

Based on a subset of 57 smoking flights with complete results for 
nicotine and RSP by both measurements methods, the average nicotine con¬ 
centration In the smoking section was 13.0 ug/nP. Average RSP con¬ 
centrations In this section were 1B1.7 pg/m^ by the optical method and 
162.6 pg/m^ by the gravimetric method. These aggregate results Imply an 
R5P-to-nicotine ratio near 14 for the smoking section. Retting out RSP 
levels not due to ETS (I.e., 19 pg/m^ for optical results and 40 pg/m^ for 
gravimetric results) would result In a ratio between 11.0 and 12.5. This 
range of ratios is consistent, for example, with the 11:1 ratio asswned by 
Repace and Lowrey (1966) In developing an Indoor concentration model for 
nicotine. 


RSP-to-nlcotin§ ratios calculated for each flight, and then 
averaged across flights, would be misleading because very large ratios 
would be obtained for flights with low nicotine levels. Instead, the 
nicotine results for the smoking section on each flight were regressed on 
RSP results for the same monitoring location. The following equations 
were obtained: 

Nicotine > -2.38 + 0.084 • Optical RSP (R2 . 0.36} 

Nicotine ■ 0.12 + 0.070 • Gravimetric RSP (R2 > 0.24) 

The Inverse of the regression coefficients Imply an RSP-to-nlcotlne ratio 
between 11.9 and 14.3, consistent with the ratios based on aggregate data. 
The equations also Imply that no nicotine would be detectable until the 
optical measureffient reaches near 30 pg/m^, whereas some nicotine would be 
detectable for gravimetric results near zero. As indicated by the 
values shown above and the scatter about the regression lines shown In 
Figure 5-4, the nicotine measurements were more strongly correlated with 
optical than with gravimetric measurements. 
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FIGURE 5-4. CORRESPONDENCE BETWEEN NICOTINE AND RSP MEASUREMENTS 
IN THE SMOKING SECTION FOR DOMESTIC SMOKING FLIGHTS 
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The RSP-to-nicotIne ratios for the boundary section, calculated 
from aggregate data presented earlier In Table 5-1, were much higher 
(150 to 260). These much higher ratios for the boundary section Indicate 
that nicotine 1s being preferentially removed (relative to RSP) before or 
as ETS leaves the smoking section. RSP is subject to some removal through 
deposition, whereas nicotine can react with various types of materials 
Including clothing, seats, and carpeting on the cabin floor. Netting out 
RSP levels not due to ETS would result in RSP-to-nIcotIne ratios between 
80 and 105 for the boundary section. 

RSP-to-nicotIne ratios higher than those observed in the 
smoking section have been measured by some researchers. Nicotine levels 
measured in this study were generally lower than those measured In the 
boundary section as part of a smaller field study reported by Kattson et 
al. (1989). However, in that study the higher nicotine values were 
obtained on a wide-body flight for passengers seated In aisle seats adja¬ 
cent to the smoking section. Because the middle and side sections of 
wide-body aircraft are offset by about half the width of a seat, 
passengers In the boundary section sitting in outer seats could easily be 
exposed to ETS levels rivaling those in the smoking section. Thus, the 
RSP-to-nIcotIne ratios measured In the boundary section during this study, 
although relatively high, are not implausible. 

5.2.3 Factors Related to Variations in ETS Concentrations 

Nicotine measurement results for each monitoring location on 
smoking flights are sunnarized In Table 5-7 In relation to four factors-- 
type of aircraft, air recirculation, air exchange rate, and cigarette 
smoking rate. Compared to aircraft without recirculation, aircraft with 
recirculation had lower levels 1n the smoking section coupled with 
somewhat higher levels In the no-smoking section, levels in all sections 
were lower on narrow-body than wide-body aircraft. Levels In the smoking 
section were strongly related to smoking rates. Air exchange rates appear 
to have had little Impact. 
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TABLE 5-7. RELATIONSHIP OF NICOTINE MEASUREHENT RESULTS FOR 
DOMESTIC SMOKING FLIGHTS TO SELECTED FACTORS 



Average t Standard Deviation, ^g/m^ 



Factor 

(Number of Flights] 

Smoking 

Row 

Boundary 

Row 

Middle 

Row 

Remote 

Row 

Tvoe of Aircraft 

Wide Body (13) 

20.4 t 19.5 

0.42 ± 0.93 

0.04 ± 0.07 

0.08 ± 

0.12 

Narrow Body (48) 

11.3 ± 13.0 

0.07 ± 0.14 

0.03 ± 0.14 

0,02 ± 

0.05 

Air Redrculation 

NO (36) 

16.1 ± 16.1 

0.08 ± 0.15 

0.04 ± 0.16 

0.03 t 

0.09 

Yes (25) 9.1 ± 12.4 

Alr Exchange Rate (nominal) 

0.22 ± 0.69 

0.02 ± 0.06 

0.03 ± 

0.06 

< 20 (31) 

11.4 1 14.2 

0.21 ± 0.62 

0.02 ± 0.05 

0.04 ± 

0.09 

2 20 - (30) 

15.1 t 15.8 

0.07 ± 0.15 

0.05 ±0.18 

0.02 ± 

0.06 

Cigarettes/Hour 

< 10 (12) 

1.7 t 2.4 

0.04 1 0.07 

0.02 ± 0.06 

0.03 i 

0.09 

10 - 19.9 (23) 

11.2 ± 13.0 

0.19 ± 0.07 

0.05 1 0.20 

0.02 ± 

0.05 

20 - 29.9 (17) 

17.6 ± 12.8 

0.17 t 0.20 

0.03 ± 0.07 

•M 

in 

o 

• 

o 

0.11 

2 30 (9) 

25.7 ± 21.3 

O.ll t 0.15 

0.01 ± 0.04 

0.03 1 

0.05 


5-20 


PM3006451341 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



RSP measurement results are sumnarlzed In relation to the same 
factors In Table 5-8 (for gravimetric measurements) and in Table 5-9 (for 
optical measurements). The smoking rate had the greatest impact, ln this 
case influencing levels in the boundary section In addition to those In 
the smoking section. The effects of aircraft type, air recirculation, and 
air exchange rate were less consistent, but levels In the smoking section 
were lower on narrow-body aircraft and on flights with air recirculation. 
More rapid removal of ETS contaminants from the smoking section, and some 
redistribution to other sections, could be occurring due to recirculation. 

CO measurement results are sumarlzed in relation to the same 
factors In Table 5-10. The only dlscernable pattern for CO was that of 
higher levels In the smoking section when smoking rates were higher, par¬ 
ticularly at the upper extreme (1.e., 30 or more cigarettes per hour). 

Measurement results for nicotine, RSP, and CO 1n the boundary 
section are sumnarlzed in Table 5-11 In relation to the technician's 
proximity to the smoking section. There was no dlscernable pattern for 
gas-phase tracars (nicotine and CO), but both average and peak RSP levels 
were highest when the technician was located in the row Inwedlately bor¬ 
dering on the smoking section. 

5.2.4 Modeling of CO; Concentrations 

A Single-Chamber steady-state model similar to that described 
previously for RSP was used to model average CO 2 concentrations for all 
study flights. Because the filters In aircraft with raclfculatlon are not 
currently designed to remove CO 2 , the iquetion previously used can be 
simplified to the following: 

Cm • Cout ♦ S/F 

where Cm tnd Cout refer to indoor and outdoor CO 2 concentrations, S Indi¬ 
cates the emission rate, and F indicates the freih-air Intake rate. 

Nominal air exchange rates were used for the model together with an 
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TABLE 5-8. RELATIONSHIP OF GRAVIMETRIC RSP MEASUREMENT RESULTS FOR 
DOMESTIC SMOKING FLIGHTS TO SELECTED FACTORS 



Average 1 Standard Deviation. wg/n4 


Factor 

Smoking 

Row 

Boundary 

Row 

Middle 

Row 

Remote 

Row 

Type of Aircraft 





wide Body 

195.5 ± 125.8 

71.5 ± 74.2 

44.5 ± 49.9 

36.5 ± 47.8 

Narrow Body 

176.5 ± 102.1 

69.2 i 60.4 

42.0 ± 68.7 

58.9 1 66.7 

Air Recirculation 





No 

190.8 t 116.2 

69.5 X 70.3 

48.5 ± 73.6 

49.8 t 68.5 

Yes 

165.9 ± 91.7 

69.9 ± 51.8 

33.9 t 49.6 

60.3 1 56.3 

Air Exchange Rate 

(nominal} 




< 20 

177.7 ± 100.8 

76.7 ± 61.1 

41.4 ± 51.5 

59.5 ± 55.8 

£ 20 

las.s ± 114.3 

62.4 ± 65.0 

43.7 ± 77.1 

48.6 ± 71.1 

Cigarettes/Hour 





< 10 

126.2 ± 109.4 

58.8 ± 64.0 

38.8 ± 101.1 

84.9 1 53.2 

10 • 19.9 

163.5 ± 86.7 

61.6 ± 47.6 

39.2 ± 54.4 

50.8 t 42.5 

20 - 29.9 

191.1 1 87.4 

79.6 ± 66.2 

30.2 ± 45.0 

35.9 ± 69.7 

£ 30 

276.7 t 127.2 

86.1 t 90.5 

79.3 t 57.9 

55.9 ± 97.4 
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TABLE 5-9. RELATIONSHIP OF OPTICAL RSP MEASUREMENT RESULTS DURING 
THE SMOKING PERIOD ON DOMESTIC SMOKING FLIGHTS TO 
SELECTED FACTORS 



Average ± Standard Deviation, >ig/m^ 


Factor 

Smoking 

Row 

Boundary 

Row 

Middle 

Row 

Remote 

Row 

Type of Aircraft 

Wide Body 

212.0 ± 137.1 

66.5 ± 47.6 

17.2 t 9.2 

15.9 i 9.4 

Marrow Body 

174.5 ± 98.2 

31.4 ± 29.9 

16.9 ± 19.4 

17.8 ± 17.4 

Air Recirculation 

NO 

200.9 ± 106.S 

43.8 ± 39.6 

17.0 ± 21.3 

17.7 ± 19.0 

Yes 

153.4 ± 102.2 

31.4 ± 31.7 

16.8 t 10.4 

17.0 t 10.6 

Air Exchanqe Rate 

< 20 

(nominal) 

171.5 t 118.0 

43.6 ± 43.3 

17.3 ± 9.8 

18.0 ± 10.7 

e 20 

191.6 ± 95.1 

34.3 t 29.3 

16.5 i 23.5 

16.8 ± 19.9 

Ciqarettes/Hour 

< 10 

105.8 ± 47.9 

23.8 ± 17.9 

13.1 ± 10.0 

26.2 ± 33.2 

10 - 19.9 

150.9 ± 83.5 

24.1 t 19.4 

21.0 t 25.5 

15.9 t 9.9 

20 • 29.9 

189.7 t 64.0 

52.3 1 39.2 

14.2 ± 11.5 

15.3 ± 10.2 

2 30 

355-1 ± 105.7 

71.8 1 56.7 

16.7 ± 9.4 

16.3 ± 11.7 
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TABLE 5-10. relationship OF CO MEASUREMENT RESULTS DURING THE SMOKING 
PERIOD ON DOMESTIC SMOKING FLIGHTS TO SELECTED FACTORS 



Average ± Standard 

Deviation, ppm 


Factor 

Smoking 

Row 

Boundary 

Row 

Middle 

Row 

Remote 

Row 

Type of Aircraft 

Hide Body 

1.5 1 1.0 

0.6 ± 0.4 

0.8 t 0.6 

0.8 ± 0.5 

Narrow Body 

1.5 ± 0.9 

0.6 ± 0.4 

0.7 ± 0.5 

0.8 ± 0.4 

Air Recirculation 

No 

l.S ± 0.9 

0.6 ± 0.4 

0.8 ± 0.6 

0.8 ± 0.4 

Yes 

1.4 1 0.9 

0.6 ± 0.4 

0.7 ± 0.5 

0.8 ± 0.5 

Air Exchange Rate 

< 20 

(nominal) 

1.5 ± 1.0 

0.7 ± 0.4 

0.7 ± 0.6 

0.9 ± 0.5 

2 20 

1.4 ± 0.9 

0.6 ± 0.4 

0.7 ±0.5 

0.8 ± 0.4 

Cigarettes/Hour 

< 10 

1.1 ± 0.6 

0.5 ± 0.3 

0.8 ± 0.7 

0.9 ± 0.4 

10 - 19.9 

1.3 t 0.8 

0.7 ± 0.5 

0.6 i 0.3 

0.7 i 0.3 

20 > 29.9 

1.3 ± 0.9 

0.5 t 0.3 

0.7 ± 0.4 

O.S 1 0.4 

i. 30 

2.4 t 1.1 

0.7 t 0.4 

1.1 ± 0.8 

l.l ± 0,7 
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TABLE 5-U. RELATIONSHIP OF ETS MEASUREMENTS IN THE BOUNDARY SECTION 
TO TECHNICIAN DISTANCE FROM SMOKING SECTION 


Average l Standard Deviation 


Type Of Measurenient 

One Row 

Away 

Two Rows 
Away 

Three Rows 
Away 

Four or More 
Rows Away 

Nicotine, yg/m3 

O.U ± 0.15 

0.34 t 1.01 

0.08 ± 0.13 

0.06 ± 0.09 

Gravimetric RSP, 
yg/rn^ 

88.1 ± 64.8 

64.9 ± 54.6 

44.8 ± 57.1 

58.9 ± 77.0 

Average Optical 

RSP, yg/mJ 

50.8 i 34.4 

28.4 ± 35.8 

31.5 t 45.7 

35.0 ± 30.4 

Peak Ootical RSP, 
yg/m^ 

327.2 ± 471.5 

119.1 1 119.6 

128.5 1 161.3 

118.8 ± 96.9 

Average CO, ppra 

0.6 ± 0.4 

0.8 t 0.4 

0.6 t 0.4 

0.5 ± 0.3 

Peak CO, ppm 

1.5 ± 0.8 

l.S ± 0.6 

1.2 ± 0.6 

1.0 1 0.3 
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assumed outdoor concentration of 330 ppm and an emission rate of 0.3 i/miii 
(18,000 ml/h) per passenger (ASHRAE 1989). As illustrated in Figure 5-5, 
a reasonable association between predicted and measured values was 
obtained (r ■ 0.55). However, measured values (averaging 1,609 ppm) were 
nearly a factor of two higher than those predicted by the model (average 
of 841 ppffl). The modeled values shown in the figure do not include 
emissions from the flight and cabin crew members, but adding emissions 
from 10 additional persons to account for the crew would increase the 
modeled values only to 888 ppm. 

There are four possible explanations for the discrepancy between 
measured and modeled values: (1) the measurements may have a positive 
bias, due to proximity to the breathing zone or the measurement device 
used, (Z) there may be short-circuiting between the supply and exhaust 
points within the aircraft, resulting in poor ventilation efficiency, (3) 
the nominal air exchange rates used for modeling may be higher than pre¬ 
vailing rates during the monitored flights, or (4) CO 2 emission rates may 
be higher than those used In the model. One study (Balvanz et a1. 1982) 
has suggested that CO 2 exhalation rates In airliner cabins could be as 
high as 0,5 l/mln per passenger due to factors such as environmental 
stress and food/alcohol consumption, with this higher emission rate, 
average measurement values still exceeded average modeled values (1,180 
ppm) by a third. Further measurements at different heights In the 
aircraft, with more sophisticated monitoring devices, are needed to fully 
resolve the Issue. However, even if the monitoring results were biased 
high by a factor of two, there would still be a substantial number of 
monitored flights (about 24 percent) exceeding 1,000 ppm CO 2 . 

5.2.5 Fact ors Related to Variations In CO 2 and Pollutant Concentrations 
Average CO 2 levels measured at smoking and middle seats on all 
smoking flights (domestic plus .international) are summarized In Table 5-12 
In relation to type of aircraft, air recirculation, air exchange rate, and 
load factor (I.e., percent of seating capacity filled by passengers). 

Higher CO 2 levels were associated with narrow-body aircraft, aircraft with 
recirculation, lower air exchange rates, and higher load factors, with 
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FIGURE 5-5. COMPARISON OF CO? MEASUREMENT RESULTS WITH VALUES 
PREDICTED USING A SINGLE-CHAMBER MASS-BALANCE MODEL 
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TABLE 5-12. RELATIONSHIP OE CO 2 MEASURENENT RESULTS FOR AIL SMOKING 
FLIGHTS TO SELECTED FACTORS 



Average l Standard Deviation, ppm 

Factor 

(Nunbtr of Flights} 

Smoking 

Row 

Hiddit 

Row 

Tvoe of Aircraft 

Wide Body (13) 

1236.S i 393.9 

1211.6 ± 359.5 

Narrow Body (48) 

1710.7 ± 739.6 

1723.6 ± 456.4 

Air Recirculation 

NO (37) 

1448.2 i 515.2 

1545.3 t 449.9 

res (32) 

1694.4 ± 829.8 

1593.9 ± 535,1 

Air Exchange Rate (nominal) 


< 20 (37) 

1609.5 1 504.3 

1564.2 t 512.9 

> 20 (32) 

1507.0 ± SZl.O 

1S72.0 t 466.0 

Load Factor 

< SOX (16) 

112S.0 t 277.8 

1183.0 ± 275.6 

50 to 69.9X (12) 

1211.3 ± 229.1 

1153.1 1 603.3 

70 to B9.« (21) 

1794.2 t 884.3 

1699.9 ± 564.5 

% SOX (20) 

1910.2 t S83.7 

1745.9 t 212.4 
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load factor having the strongest association. The relationships wUh 
most of these factors were In opposite directions for bacteria versus 
fungi (Tables 5-13 and 5-U); bacteria levels were somewhat higher on 
wide-body aircraft, aircraft with recirculation, and flights with lower 
nominal air exchange rates, whereas fungi levels were somewhat lower in 
each of these cases. Bacteria and fungi levels both were generally higher 
in the presence of higher load factors. 
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TABLE 5-n. RELATIONSHIP OF BACTERIA MEASUREMENT RESULTS FOR ALL 
SMOKING FLIGHTS TO SELECTED FACTORS 



Average ± Standard 

Deviation, cfu/m^ 

Factor 

Smoking 

Row 

Middle 

Row 

Type of Aircraft 

wide Body 

169.0 ± 89.0 

164.8 ± iia.o 

Narrow Body 

160.0 t 113.3 

116.3 ± 68.2 

Air Recirculation 

No 

146.5 t 09.9 

130.0 ± 81.3 

Yes 

181.0 ± 120.1 

132.4 ± 96.S 

Air Exchange Rate (notnlnal) 


< 20 

167.6 t 115.8 

132.9 ± 100.8 

> 20 

157.0 t 94.0 

129.0 ± 70.9 

Load Factor 

< 501 

131.0 t 76.8 

100.4 ± 80.7 

50 to 69.91 

159.8 ± 122.4 

159.0 t 114.6 

70 to 89.91 

178.8 ± 136.9 

122.5 t 65.2 

k 901 

173.8 ± 78.4 

147.4 t 97.9 
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TABLE 5-14. RELATIONSHIP OF FUNGI HEASUREHENT RESULTS FOR ALL 
SMOICINC FLIGHTS TO SELECTED FACTORS 



Average ± Standard 

Deviation, cfu/m^ 

Factor 

Smoking 

Row 

Middle 

Row 

Type of Aircraft 

Wide Body 

3.9 ± 3.4 

4.2 ± 5.1 

Narrow Body 

7.9 i 7.0 

6.6 ± 6.1 

Air Recirculation 

No 

7.6 ± 6.4 

5.9 ± 6.8 

Yes 

5.7 ± 6.4 

5.7 ± 4.7 

Air Exchange Rate 

(nominal) 


< 20 

5.8 ± 6.2 

5.0 ± 3.5 

> 20 

7.7 ± 6.6 

6.9 ± 7,9 

Load Factor 

< sot 

2.8 ± 2.1 

2.9 t 2.8 

50 to 69. 9t 

7.2 ± 8.6 

6.9 ± 7.7 

70 to 89.9t 

10.4 ± 7.8 

7.1 ± 7.7 

2 90% 

5.5 ± 3.5 

5.9 i 3.0 
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Section 6.0 

GENERAL APPROACH TO RISK ASSESSMENT 

The general approach to risk assessment In this investigation was 
that described by the National Research Council (1983) of the National 
Academy of Sciences. This report defines risk assessment as a systematic, 
multlstep process of data evaluation designed to characterlte the nature 
and magnitude of health damage posed by an environmental agent under 
various conditions of exposure. 

A comprehensive risk assessment contains four major steps; 

• Hazard Identification Is the determination of whether expo¬ 
sure to a particular chemical is or is not causally linked 
to a particular health €ffect(s) 

• Dose-response assessment is the determination of the rela¬ 
tion between the magnitude of exposure and the probability 
of occurrence of the health effect(s) In question 

• Exposure assessment Is the determination of the extent of 
human exposure before or after application of regulatory 
controls 

• Risk characterization is a description of the nature and 
often the magnitude of human risk, including attendant 
uncertainty. 

The process of conducting a risk assessment Involves integrating 
the Information in each of these areas 1n a systematic fashion, first by 
Identifying the health hazards* then deriving a quantitative expression of 
the dose-response relationship based on the Identified health hazards of 
greatest concern, and then combining the derived dose-response algorithm 
with an independent quantitative exposure assessment to produce a charac¬ 
terization of risk. Prior to the collection and analysis of data for the 
quantitative estimation of risk, underlying decisions must be made about 
the populat1on{s}. ponutant(s), and health etfect{s) of intarest, so that 
the ensuing expression of risk targets those areas* 
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6.1 POLLUTANTS AND HEALTH EFFECTS OF INTEREST 

The pollutants of concern In the airliner cabin environment and 
their attendant health effects (hazard identification) have previously 
been identified (National Research Council 1936), so that exposure 
assessment and dose-response assessment were the critical elements 
requiring definition for risk characterization. In this Investigation, 
multiple procedures were required to characterize risk, depending on the 
health endpoint of interest, the chemical entity of interest. Its mode of 
action, and the degree of scientific understanding about the chemical: 

• Environmental tobacco smoke (ETS) was of interest as a chem- 
mlcal mixture because of Its carcinogenic potential, and 
respiratory and cardiovascular effects. For carcinogen¬ 
icity, It was necessary to select the most appropriate dose- 
response model(5) that correlate expected individual risk 
with degree of exposure to RSP as a surrogate for the ETS 
mixture. 

• Nicotine, as a constituent of ETS, is an appropriate Indica¬ 
tor for Its acute respiratory effects. Human Inhalation 
dose-response data exist for the Irritant properties of ETS, 
using nicotine as a surrogate. 

• Carbon monoxide, like nicotine, can be used as an ETS surro¬ 
gate for acute respiratory effects. 

• Universally applicable procedures for risk assessment of 
bioaerosols (both fungi and bacteria) have not been 
established. As a result, conventional expressions of risk 
assessment cannot be used. For fungi, the 20 genera that 
occur most frequently in highest concentrations on growth 
plates were Identified. Their relative clinical signifi¬ 
cance was then ascertained using their ability to cause 
allergies and Infections as benchmark clinical weight-of- 
evldence criteria. This rilative significance 1s reported 
for the 20 Identified genera. A similar procedure was used 
for bacteria to determine prevalence. 

• Ozone presented a unique problem because the scientific com¬ 
munity is divided on the lowest ambient a1r concentration 
causing an Increase in lung infectivlty. Concentrations 
aboard aircraft were compared with the current FAA regula¬ 
tory 3-hour standard of 0.10 ppm. 
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• The rliks from exposure to cosmic radiation were based on 
dose-response data provided by the United Nations Scientific 
Conmlttee on the Effects of Atomic Radiation (1986, 1988) 
and the Federal Aviation Administration (1989). Combining 
these data with plausible exposure levels and durations, 
risks were determined for cancer, fetat retardation, and 
birth defects. 

6.2 POPULATIONS OF INTEREST AND FREQUENCY OF FLYING 

In order to establish meaningful estimates of risk, it was 
.necessary to subdivide the entire population of flyers according to fre¬ 
quency of flying (which would influence the amount of exposure to cabin 
air) and health and maturatlonal status (which would Influence the dose- 
response relationship between specific pollutants and their health 
effects). 


The populations of Interest in this investigation Included cabin 
crew members, who are representative of occupational exposure, and all 
passengers. Children, fetuses, asthmatics, and individuals with 
preexisting cardiovascular disease constituted four passenger sub¬ 
populations of special Interest. Flight crew members, whose environment 
on the flight deck 1s different from the aircraft cabin, were not con¬ 
sidered in this investigation. The specific pollutants and associated 
health effects of concern varied among these populations and sub- 
populations: 

• ETS was considered for cancer In all passenger populations 
without preexisting illness and cabin crew members, for 
chronic respiratory Illness In children, for acute respira¬ 
tory effects In all individuals without preexisting Illness 
and asthmatics, and for cardiovascular disease in cabin crew 
meiksers and Individuals with this preexisting Illness. 

• Bioaerosols (fungi and bacteria) were considered in all 
populations for their clinical significance as allergens and 
infectious agents. 

• Oione was considered In all passengers without preexisting 
Illness and in cabin crew members, In accordance with the 
basis of the FAA ozone standard ln aircraft. 

• Cosmic radiation was considered for cancer In all passengers 
and cabin crew members, and for birth defects and retar¬ 
dation in fetuses. 
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The relationship among pollutants, populations, and health effects is pre¬ 
sented in Figure 6-1. 

Frequency of flying Is important where exposure over a protracted 
time period (e.g., years) affects health, such as in case of development 
of cancer. Among passengers, frequency of flying was not distinguishable 
Into apparent and Justifiable categories since there were no universally 
applicable criteria for what constituted a frequent and nonfrequent flyer. 
Accordingly, for this investigation classifications of frequency were set 
aside. Instead. In the case of cancer, frequency-variable risk nomograms 
were developed for ETS and cancer so that frequency-specific cancer risks 
can be developed. 

Exposure to cosmic radiation is also dependent on frequency, as 
well as on altitude and latitude of flight. Greatest radiation occurs at 
high altitude over the earth's poles, gradually diminishing In Intensity 
toward the equator. Exposure can be determined by adding individual doses 
received during Individual flights. The cumulative dose is then applied 
to a dose-response curve for the health effect of Interest. 


Frequency of flying was not relevant for other health effects 
that were considered since they were a result of short-term episodic 
exposure. 


Cabin crew members were estimated to log approximately 80 hours 
of flight time per month (Association of Flight Attendants 1988). This 
is based on the distribution of cabin crew flight frequencies contained In 
Table 6-1, 
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KHI8IT 2 . AVERAGE CONCENTRAtrONS Or SELECTED ROLLUTAhTS On 
SMCKiNfi and NONSWOKINfi PLIGHTS 
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EXHIBIT !• AVERAGE CONCENTRATIONS Of EIS COH1ANINAHIS ON SMIKINC 
NOHSNQICINC FLIGHTS 
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Table 6-1. AVERAGE KUHBER OF HOURS FLOWN 
BV MEMBERS OF THE ASSOCIATION 
OF FLIGHT attendants {AFA). 
FIGURES REPRESENT COMBINED 
DOMESTIC AND INTERNATIONAL 
FLIGHTS. 


Percentage of 

AFA Membership 

Number of Hours Flown 
Per Month 

3 

64 or fewer 

9 

65-69 

la 

70-74 

28 

75-79 

34 

80-85 

4 

85-89 

4 

90 or more 


Source: 1985 AFA Survey 
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Section 7.0 

RISK ASSESSMENT FOR ENVIRONMENTAL TOBACCO SMOKE 
7.1 REVIEW OF HEALTH EFFECTS 

The health effects of ETS have been recently ano extensively 
reviewed 1n several reports of the Surgeon General (1982, 1983, 1984, 

1985, 1986, 1989}, and In documents Of the World Health Organization 
(WHO 1986), the Environmental Protection Agency (1987), the National 
Research Council (1906a, 1906b), the Fourth International Conference on 
Indoor Air Quality and Climate (1987), and in key research studies. These 
documents collectively represent critical evaluations of the complete body 
of scientific literature for its meaning and accuracy. The health effects 
are briefly sunrarlzed below. 

7.1.1 Acute Effects 

While odor in itself is not a health effect, it can be considered 
as a psychophyslologlcal factor contributing to the development of an 
adverse health response and thus is Important In considering the impact of 
ETS. This is particularly true for the nonsmoker, whose threshold for 
odor unacceptabllUy is lower than the smoker who loses ETS odor detection 
sensitivity rapidly (Cain et.al. 1983). While loss of sensitivity occurs 
in an experimentally controlled environment within four minutes after 
exposure begins. It Is not meant to Imply that It is directly applicable 
to the airliner cabin envlroment, where the number of individuals smoking 
at any given moment Is highly variable. Odor, as the nonsnwker's first 
sensory clue of ETS presence, is a major contributor to annoyance and is 
caused principally by the gas phase components of ETS. 

While odor adaptation to ETS occurs over a short timeframe, 
respiratory and ocular Irritation Increase proportionately over at least 
one hour at levels as low as 2 ppm CO [used as a surrogate for ETS con* 
centratlon (Cain et el. 1987}]. Ocular Irritation begins at ETS levels 
lower than those causing respiratory irritation. Like odor, research has 
suggested that eye irritation Is caused predominantly by the gas-phase 
constituents of ETS (Weber 1984). 
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The evidence for acute respiratory and ocular Irritation of ETS 
on the nonsens1t1ve adult has been reported as equivocal and not scien¬ 
tifically conclusive {Lebowltz 1976; Schilling et al. 1977; Comstock et 
al. 1981; Schenker et al. 1982). Recent studies {Cain et al. 1987) 
have indicated that acute irritation is at least perceived to occur in 
Individuals exposed to ETS and can be expressed as degree of dissatisfac¬ 
tion. 


For Individuals who are sensitive because they have preexisting 
conditions, such as asthma, that are provoked by ETS, or who, because of 
their stage in life, may be especially vulnerable, the acute effects can 
be more clinically significant and debilitating, leading to the notion 
that a smoking allergy may exist. 

This Is most apparent In Infants and young children of smoking 
parents, who appear to be particularly susceptible to acute respiratory 
bronchitis and pneumonia from ETS exposure (U.S. Department of Health and 
Human Services 1986). While components of cigarette smoke ere known to 
affect other preexisting conditions such as cardiovascular disease, the 
acute effects of ETS on these conditions Is unclear. Recent studies 
(Health Effects Institute 1988) have demonstrated Induction of angina at 
a carboxyhemoglobin level of 4 percent, while a series of studies have 
indicated that CoHb levels of nonsmokers In smoking environments to be 
2 percent or less (National Research Council 1986a). Endogenous levels of 
carboxyhemoglobin levels in the U.S. population are typically 0.5 percent. 
These clrcanstances indicate that the cardiovascular effects of ETS on 
Individuals with preexisting conditions may occur at levels not much above 
background, at least for CO. 

In addition, a significant segment of the U.S. population with 
high blood pressure accompanied by angina or coronary disease Is known to 
be adversely affected by nicotine exposure (National Research Council 
1986a}. Several studies examined the potential for ETS impact on car¬ 
diovascular disease. However, the acute cardiovascular effects of ETS on 
Individuals with this preexisting condition have not been examined. 
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7.1.2 Chronic Effects 

knowledge about the Importance of ETS to chronic obstructive 
pulmonary disease and other respiratory effects, cardiovascular disease, 
and cancer (particularly lung cancer) has been greatly enhanced by the 
large volume of data on mainstream smoke and these diseases. 

7.1.2.1 Chron ic Obstructive Pulmonary Disease and Other Respiratory 
effects 

For acute respiratory effects, the literature on ETS as an 
etiologic agent of lower respiratory tract Illnesses Is derived prin¬ 
cipally from children of smoking parents (Colley 1974? Bland et ai. 

1978; Weiss et al. 1980; Schenker et a1. 1983; Ware et a1. 1984; Charlton 
1984 ). While the evidence for ETS as an etiologic agent of childhood 
asthma is equivocal (Gortmaker et al. 1982; flurchflel 1984; Leeder et al. 
1976; Horwood et al. 1985; Tashkin et al. 1984), infants and young 
children of smoking parents are more likely than those of nonsmoking 
parents to contract lower respiratory diseases such as bronchitis and 
pneumonia (Ware et al. 1984; Schenker et al. 1983; U.S. Department of 
Health and Human Services 1986) and therefore likely to be affected by ETS 
exposure on aircraft. Three clinical manifestations that are seen con¬ 
sistently In studies of children include cough, reduced lung function 
measured as forced expiratory flow at the 25 percent to 75 percent level 
(F£F 25 - 75 > (Tager et al. 1979), and Impaired development of forced expira¬ 
tory voliane (FEV) with growth (Tager et al. 1983; Berkiy et al. 1986). 

Data on effects of ETS on the adult respiratory system are 
inconclusive. While reduced FEF 25.75 f*** reported by several 
Investigators (Kauffmann et al. 1983; White and Froob 1980}, other stud¬ 
ies have not shown an effect on adult lung function (Burchflel 1986; 
Kentner et al. 19S4). Studies on both children and adults as sensitive 
populations with preexisting asthma are also Inconclusive (U.S. 
Environmental Protection Agency 1907). 
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7.:.2.2 CardiovascuUr Plseaie 

Malnstreani cigarette snwke has been Implicated as a causative 
agent of arteriosclerosis, coronary heart disease, and cerebrovascular 
disease. The contribution of ETS to these diseases and its mechanisms of 
action are Inconclusive, although It appears from animal studies that the 
predominant influence is being exerted by nicotine (Schlevelbein and 
Richter 1984; Liu et al. 1979) and to a lesser degree CO (Astrup and 
icjeldren 1979}. Several epidemiological Investigations (U. 5. 
Environmental Protection Agency 1986; Hirayama 1984, 1985; Glllls et 
al. 1964; and Garland et al. 1985} Indicate Impacts of ETS but present 
methodological problems that preclude the drawing of firm conclusions. 
What Is certain is that nonsmokers In a smoking environment do receive 
biological doses of nicotine at levels sufficient to produce significant 
amounts (40 ng) of cotinine in the urine (Hill and Marquardt 1980). 

7.1.2.3 Cancer 

The evidence for an association of environmental tobacco smoke 
with cancer Is Indisputable, as detailed In recent definitive reports of 
the Surgeon General (U.S. Department of Health and Human Services 1986), 
the World Health Organization (1986) and the National Research Council 
(1986a}. 


The great majority of epidemiologic studies have Indicated causal 
association between ETS and lung cancer that is exposure-dependent. While 
there are differences In cancer rates between men and women, they are not 
widely divergent. Hisclassification is of concern among some of the stu¬ 
dies, but does not negate the weight of evidence on the whole 1n favor of 
the dose-effect relationship. 

Other cancers that Investigators have correlated with ETS, typi¬ 
cally derived from spousal studies. Include brain, cervical, and endocrine 
cancers. In the aggregate, they do net provide consistent evidence for 
cancer at remote sites caused by ETS (National Research Council 1986a). 
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7.1.2.4 Oth«r Chronic Impacti 

There Is evidence that smoking during pregnancy lowers birth 
weight, and a growing suggestion that exposure to ETS during pregnancy may 
impact birth weight. This may be of concern to female flight attendants 
who may receive occupational ETS exposures while flying during their first 
trimester of pregnancy. However, when considered with studies of birth 
weights at higher elevations such as in Denver (Martin and Bracken, 1986), 
It is conceivable that prolonged or freouent periods at high altitudes may 
be more strongly and etloleglcally related to low birth weights than ETS. 

7.2 QUANTITATIVE ESTIMATION OF CANCER RISK 

ETS is a mixture that has been Implicated In cancer, respiratory 
effects (upper respiratory tract Irritation, chronic respiratory tract 
Illness], and cardiovascular disease. Since there 1s no peer-reviewed 
and widely used method for conducting a risk assessment for complex mix¬ 
tures such as ETS, each Individual constituent must be carefully examined 
for Its potential use as a marker and a representative of the ETS mixture 
In the quantitative estimation of health risk. 

The scientific literature presents evidence that exposure to 
particulate-bound polycyclic aromatic hydrocarbons, as ETS products of 
incomplete combustion, correlate with the carcinogenic potential of ETS 
(Wynder and Hoffmann 1967}, and that Inhalation of respirable suspended 
particulate (BSP) Is an appropriate representative of this potential. 

Data on active smokers are not valid quantitative predictors of 
effects on passive smokers and were not used In this Investigation 
because: 

• Concentrations of carcinogens In active smoke are different 
from concentrations In ETS. For example, given equal 
weights of smoke particles, sidestream smoke contains 
approximattly three times the benzo[e]pyrene In mainstream 
smoke. 

• Using data from active smoking to obtain risks from passivt 

smoking involves several orders of magnitude In dose extra¬ 
polation. _ . . 
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• Active smokers experience actual tissue damage to the 
respiratory system (e.g., loss of mucociliary escalators 
from tracheal epithelium) which might either promote or 
InhiPIt tumor formation relative to passive smokers. 

• Doses are so high In active smokers that some of the 
apparent dose may be “wasted* (I.e., received after a tumor 
has already been initiated). 

Characterization of cancer risk from exposure to HSP requires 
information from three components: ambient air concentrations of R$P. 
exposure potential, and dose-response relationship for the health effect 
of Interest, In this case cancer. The three components are related to one 
another as presented In Figure 7-1. 

The appropriate parameters within each box In Figure 7-1 must be 
carefully selected from among t.ie range of options so that the ultimate 
expression of risk approximates actual flight conditions and flying habits 
of Interest as much as possible. 

In this Investigation, separate cancer risk determinations were 
conducted for domestic and International flights. This is because: 

• Independent samples for the monitoring activity were drawn 
from the pool of domestic flights on u.S. carriers and the 
pool of International flights on U.S. carriers 

• The sample from the pool of domestic carriers was large and 
therefore could be drawn In a truly random fashion, whereas 
the sample drawn from the International pool was small due 
to prohibitive costs. 


7.2.1 Ambient SSP Concentrations 

RSP concentrations were obtained using optical snd gravimetric 
analytical methods. The relative merits of these two methods and the dif¬ 
ferences In results obtained from them are discussed In Section 5.0 of 
this report. Both methods were used for sampling because there was no 
clearly definable reason for favoring one over the other* The results of 
both methods of sampling were averaged for the determination of risk. fiSP 
was measured at various seat locations on smoking and nonsmoking flights. 
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FIGURE 7-1. RELATIONSHIP OF DIFFERENT CONPOHEHTS IN THE ESTIMATION OF 
RISK OF LUNG CANCER DEATH, ASCRIBABLE TO ETS, FROM EXPOSURE 
TO RESPIRABLE SUSPENDED PARTICULATE (RSP) 
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As a result, a number of RSP concentrations, representing various seat 
positions on smoking and nonsmoking flights, and using two methods of 
sample collection, were available for exposure assessment, as presented In 
Table 7-1. For estimation of exposure due exclusively to ETS, RSP con¬ 
centrations on nonsmoking flights were subtracted as ‘baseline* values 
from RSP concentrations on smoking flights. On nonsmoking flights, the 
optical measurements of RSP may have been lower than actual and the gravi¬ 
metric measurements higher than actual. The difference between "baseline* 
values obtained from the gravimetric and optical methods of sampling, 
whether averaged or used separately, did not change the outcome of the 
risk assessment. Therefore, the average of all values was used to repre¬ 
sent the baseline concentration on nonsmoking flights. See Section 5.0 
for more discussion on the monitoring results. 

7.2.2 Exposure on Aircraft 

The principal medium of exposure to RSP Is via the air, so that 
Inhalation Is the primary exposure route of Interest. Accordingly, the 
amount of RSP Inhaled depends on respiratory rates, known to be variable 
for males and females, and for different states of physical activity. 
Respiratory rates have been determined for a range of conditions (U.5. 
Environmental Protection Agency I989b). for this risk assessment, U is 
assumed that passengers are 1n a resting state throughout a flight, 
corresponding to an average respiratory rate of 0.5 m^/h (males 0.7; fe¬ 
males 0.3). It Is assumed that cabin crew members are engaged In moderate 
exercise, corresponding to an average respiratory rate of 2.1 m^/h (males 
2.5; females 1.6). 

Flying habits are also a critical determinant of exposure and 
risk. They Include (a) the accumulated period of lifetime during which an 
individual flies, (b) the nianber of flights taken In that period, 
expressed as a yearly average, (c) the seat location chosen, and (d) the 
cianulatlva accounting of seat position over the course of the entire 
period of flying. 

In determining exposures (and later risks), It Is Important to 
understand the terms of reference used to calculate quantitative estimates. 
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TABLE 7-1. RSP VALUES (yg/m^) USED IN THE RISK CALCULATIONS 




Nonsmoking Section 


Smoking 


Middle/ 


Section^ 

Boundary 

fiemoteK 

NONSMOKING FLIGHTS 




Optical 

10 


11 

Gravimetric 

59 


59 

Average of all four values 

3 37 



SMOKING FLIGHTS 




Domestic 




Optical 

182 

39 

17 

Gravimetric 

181 

70 

48 

Average 

T5I 

?? 

33 

Net (average RSP values 
on smoking flights minus 
nonsmoking flights) 

144 

17 

- 

International 




Optical 

143 

46 

26 

Gravimetric 

129 

51 

39 

Average 

US 

7? 

33 

Net (average RSP values 
on smoking flights minus 
nonsmoking flights) 

99 

12 



^ Rear of cabin for nonsmoking flights 


^ Average value for middle and remote sections 

^The optical measurements for RSP may be lower than actual. The gravimetric 
measurements for RSP may be higher than actual. The results of both were 
averaged. See Section 5.0 for further discussion on the results of RSP 
sampling. 


7-9 


PM3006451372 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



Proportion of space In each section of the aircraft Is a unltless 
dimension. It Is the fraction of the total cabin space that ls dedicated 
to each of the smoking, boundary, and nonsmoking sections. Proportion of 
time in each section of the aircraft is similarly unltless. It is, by 
definition. Identical to proportion of space on the assumption that as the 
space dedicated to one section varies, so does the time spent in that sec¬ 
tion by the equivalent of one individual. Flight hour is the time spent 
in flight during which smoking is permitted. Flight hours per year is the 
time spent in flight, during the course of one calendar year, during which 
smoking Is permitted, RSP concentration is the amount of RSP, In ug, con¬ 
tained In one of air. Duration of exposure Is the nunber of years 
which one flies on smoking flights. For example, an individual who takes 
his or her first flight on an aircraft where smoking is permitted at age 
20 and whose most recent flight on an aircraft where smoking Is permitted 
occured at age 40, has been flying for 20 years. An exposure coefficient, 
in the context of this Investigation, Is the average amount of RSP 
(generated by ETS and used as a surrogate for ETS), In yg, inhaled by an 
Individual during one hour of time In an airline cabin when smoking is 
permitted, and annualtred over Che period of a calendar year. (Further 
explanation of this term is described later In this section). A person- 
year Is the equivalent of one year’s worth of time (365 days, not 
necessarily consecutive) for the equivalent of one person. Ten people, 
each exposed to ETS for 36.5 days, are equivalent to one person exposed 
for 365 days. A risk coefficient, in the context of this Investigation, 
is the Increnental nunber of premature deaths due to lung cancer among 
100,000 nonsmokers exposed to ETS on flights where smoking Is permitted. 

Relative proportions of size among the smoking section, the 
nonsmoking section, and the boundary section between them were calculated 
for the 61 domestic flights on which smoking was permitted and the $ 
international flights in this investigation. The proportions of space in 
each of the smoking, boundary and nonsmoking sections for each flight were 
averaged across all 61 domestic flights as tha proportions of space in 
each of the smoking, boundary, and nonsmoking sections. Similar averages 
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were calculated among all 8 International flights. These size proportions 
were assumed to be directly applicable as proportions of relative time 
that passengers and cabin crew members spend In each section throughout 
the period of lifetime that they are In aircraft cabins, as presented in 
Table 7-2. 

By consolidating the ambient air concentrations of ftSP, the 
appropriate respiratory rates, and the proportion of time spent in each 
section of the aircraft cabin, exposures can be estimated, as presented in 
Table 7-3 for domestic flights and Table 7-4 for international flights. 

The values In these tables are expressed as one-hour exposures during 
which time smoking in the aircraft cabin Is permitted. 

To produce the exposure values, first each proportion of time In 
a particular cabin section (from Table 7-2) is multiplied by the RSP con¬ 
centration corresponding to the same section (from Table 7-1). The three 
multiplied values, each representing exposure In one of the three aircraft 
sections, are added together to produce a cumulative value, as Illustrated 
in the footnotes to Tables 7-3 and 7-4. The cumulative value is then 
multiplied by the appropriate respiratory rate (cabin crew member or 
passenger) to produce a cabln-crew-speciflc or passenger-specific exposure 
(mlcrograms of RSP) Inhaled during each flight hour that smoking is per¬ 
mitted. 


Cancer risks arc usually associated with long periods of time, 
i.e., several years of exposure to a carcinogen. The reasons for this are 
embedded in the prevailing theories of the mechanism of carcinogenesis. 
Uhlie this exposure may be greater or lesser at various times throughout 
the exposure interval, It 1$ averaged out over a long time span to accom¬ 
modate brief periods of higher or lower exposure, and the Intervals during 
which no exposure may occur. Accordingly, cancer risk Is usually 
expressed as the risk per unit of average dally exposure to a carcinogen, 
day after day and year after year (I.e., an annualized average). In this 
Investigation, the unit of exposure per flight hour, as presented in 
Tables 7-3 and 7-4, must be made compatible with the ‘annualized dally 
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TABLE 7-2. PROPORTION OF TIME SPENT IN DIFFERENT SECTIONS OF 
CABIN^ 



Domestic 

International 

Passenger 

Q| 

Passenger 

cabin 

Crew 

Nonsmoking Section 





Middle and Remote Rows 

0.84 

0.7S 

0.82 

0.65 

Boundary Rows 

0.11 

0.10 

0.13 

0.10 

Smoking Sect1on2 

0.05 

0.15 

0.05 

0.25 


^Based on the average of actual numbers of rows In each 
section of all monitored flights. 

^Nonsmoicers seated in the smoking section of the aircraft. 
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TABLE 7-3. CALCULATION OF EXPOSURE FOR DOMESTIC 
FLIGHTS (yg/person/fMgnt hour) 



Passenger 

Cabin Crew 

ftSP concentration aggregated 
by time spent in each aircraft 
section (vg/flr) 

9 . 0 I 

23.32 

Respiratory rate (m3/hr) 

0.5 

2.1 

Exposure (pg/fllght hour) 

4.53 

48.9* 


1(0.84 X 0) + (Q.U X 17) ♦ (0.05 X 144) 
2(0.75 X 0) + (O.IO X 17) + (0.15 x 144) 
39.0 X 0.5 
*23.3 X 2.1 
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TABLE 7-4. CALCULATION OF EXPOSURE FOR INTERNATIONAL 
FL15HTS (yg/person/flIght hour) 



Passenger 

Cabin Crew 

RSP concentration aggregated 
by time spent In each aircraft 
section {pg/m3) 

6 . 5 I 

26.02 

Respiratory rate (nP/hr) 

0.5 

2.1 

Exposure (pg/flight hour) 

3.33 

54.6* 


1(0.8Z X 0) (0.13 X 12) + (0.05 x 99) 

2(0.65 X 0) + (0.10 X 12) + (0.25 x 99) 
36.5 x 0.5 
*26.0 X 2.1 
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averaging* concept that Is used to construct cancer dose-response graphs 
and which Is used to express cancer risk. This is accomplished by 
dividing the RSP exposure In one flight hour by 365 days per year to pro¬ 
vide a value that represents an average exposure, during one hour when 
smoking Is permitted on an aircraft, for any given day of the year. The 
result is an expression of an exposure coefficient. An exposure coef¬ 
ficient in this Investigation is defined as the average dally amount of 
RSP Inhaled by one Individual during one flight hour, averaged over the 
course of a year. This Is a conceptual construct that 1$ necessary in 
order to make the exposure unit consistent with the dose-response unit in 
the calculation of risk. 

Accordingly, the exposure values presented in Tables 7-3 and 7-4 
must be annualized Into an average dally exposure by dividing them by the 
365 days ln one year. Therefore, the exposure coefficients in this 
investigation, expressed as annual averagas, art: 

• For passengers on domestic flights: 4.5 pg/flIght. jiou^ — 
divided by 365 or 0.00001233 mg/h/exposure 

» For cabin crewmembers on domestic flights: 48.9 yg/fllght 
hour divided by 365 or 0.00013400 mg/h/exposure day 

• For passengers on international flights; 3.3 yg/fllght hour 
divided by 365 or 0.00000904 mg/h/exposurt day 

• For cabin crewmembers on international flights: 54.6 
yg/fllght hour divided by 365 or 0.00015000 mg/h/exposure 
day. 

These values are used In conAinatlon with cancer risk coef¬ 
ficients, derived from cancer dose-response graphs described below In 
Section 7.2.3, to produce exposure-specific exprissions of risk. 

It should be noted that the proportions of time spent In various 
sections of the aircraft cabin by cabin crew members, at Indicated in 
Table 7-2, do not Includa time spent in galleys. Galleys have their own 
sources of ventilation. Consequently, those galleys located adjacent to 
the smoking sections of elrcrift eeblns may contain ambient air con- 
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centratiftns of ETS constituents that are different from concentrations 
measured In the smoking sections. The exposure of cabin crew members In 
the galley, therefore, may be different than in other sections of the 
aircraft, but this exposure could not be estimated because aircraft 
galleys could not monitored for ambient air concentrations of ETS In this 
investigation. 

7.2.3 Determination of Dose-Response Relationships and Risk Coefficients 

A prominent feature of risk assessment is characterization of the 
toxicologic dose'response relationship. In the context of this Investiga¬ 
tion, It Is the relationship between the amount of RSP inhaled and the 
nurr^er of lung cancer deaths that the Inhaled RSP produces. The greater 
the RSP Inhalation, the greater the amount of response in the form of 
increased number of lung cancer deaths. Graphically, the relationship is 
represented by a line, which can be expressed as a mathematical constant 
known as the coefficient of risk; 

Risk coefficient > Number of lung cancer deaths per 100,000 

persons at risk per milligram of RSP (annual 
average) per day 

Risk coefficients are frequently referred to as unit cancer risks 
in these analyses. The level of risk corresponding to a particular level 
of exposure can be determined by using the appropriate risk coefficient. 

For this Investigation, a number of dose-response models for the 
relationship of ETS to lung cancer deaths were considered, each having Us 
own characteristic risk coefficient. These are described In Table 7-5. 

The advantages and disadvantages of each model were weighed 
according to three criteria: 

• Strength of each model as determined by the quality of the 
design and data used in its construction. The following 
characteristics are used to define model strength: 

The size of the study population used in model 
construction and validation 
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TABLE 7'5- COWABISON GF CANCER RISK ASSESSICNT NDOELS FOR £fS EXPOSURE 
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The scientific soundness of the dose information used 
to construct the model 

The ease of model adaptation for intermittent exposure 

The size of the stud^^ subpopulatlon having the health 
endpoint of concern (e.g., cancer) 

-> the unique statistical design features of each model 
applicable to this study 

• Whether the assumptions used In the model are reasonable 

• Amount of peer review and scientific acceptance. 

Two models were selected for this Investigation because they most 
closely approximated the desirable traits emcodled In the selection cri¬ 
teria: the Phenomenological Model (Sepace and Lowrey, 1985) and the 
Annitage and Doll Model (Armitage and Doll, 1961), modified for less-than- 
Hfetlme exposure {Ginevan and Mills, 1986), and known as LesLife*. 

Repace and Lowrey estimate that the excess exposure of I mg/day 
Increases lifetime lung cancer risk by 5 deaths per 100,000 person-years 
(PY) exposure. The Phenomenological Model, though simple, Is based on a 
fairly sizable body of data, and If It 1$ Inaccurate, would likely 
understate risk. These arguments have been fully developed by Repace and 
Lowrey (1965) and arc briefly reviewed below. 

The general Phenomenological Model Is based on observed differ¬ 
ences In lung cancer mortality between groups of never-smokers who were 
members of the Seventh Day Adventist Church and those who were not 
(Phillips et a1. 1980 a,b). Because of their religion, which proscribes 
smoking. Seventh Day Adventists are less likely to encounter ETS, and 
4Q percent of the Seventh Day Adventist cohort worked for church-run orga¬ 
nizations. The non-Seventh Day Adventists were a demographically com¬ 
parable group of lifelong nonsmokers, among the general population, who 
resided In the same geographical area as the Seventh Day Adventists. The 
difference In lung cancer rates between Seventh Day Adventists end 
non-Seventh Oey Adventists was taken to be due to their differential 
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exposure to ETS, and th« ratio of mortality differential to exposure dif¬ 
ferential was taken as the risk coefficient. The mortality rates among 
Seventh Day Adventists were based on 1Q9 lung cancer deaths, and were 
therefore quite well determined. Moreover, Repace and Lowrey assuned that 
ETS exposure In Seventh Day Adventists was zero and thus based their dose- 
response coefficient on the maximum possible exposure. Since some Seventh 
Day Adventists were undoubtedly exposed to ETS In the workplace, this 
assumption Is conservative In that It overstates the differential exposure 
and thus understates the actual dose-response. 


The Modified Armltage and Doll Model is based on consideration of 
what the multistage theory of carcinogenesis predicts about age-specific 
risks of exposure to a fixed concentration of a carcinogen for a fixed 
duration of time. This risk assessment approach converts the ambient atr 


data to a risk-equivalent dose. There are several underlying assiinptlons 
to this approach; _____ 

* RSP Is a reliable indicator for estimating the relationship 
I between exposure to cigarette smoke and health risks. 

' Data on wives of smoking husbands indicate that their rela¬ 
tive risk is approximately 1.3, based on case-control 
studies. 

' Spousal exposure can be inferred from measurements of an 
individual smoker's impact on indoor air quality In the 
home, together with empirical statistics on the duration of 
marriages. 

For the multistage model of carcinogenisis the following 
question can be posed: If X years of exposure at level Y 
cause a relative risk of 1.3, what Is the dose-response 
coefficient? 

The dose-response coefficient, a five-stage multistage foodei 
of carcinogenesis, and dose estimates derived from airliner ! 
monitoring data, art used to calculate risks to the selected 1 
populations of Interest. A five-stage model assumes that a ' 
nunter of events or 'stages' must occur before a normal cell 
can become a cancer cell. The first stage is generally 
equated to a mutational event. Subsequent stages might 
include further mutations, as well as other blochemicel < 
changes In the cell. After all stages have occurred, the j 
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trinsformed cell proUferat.es until lt pecomes a clinically 
diagnosaole tumor. 

A detailed discussion of this methodology. Including a sen¬ 
sitivity analysis Of the model, is presented ln Appendix A. The prin¬ 
cipal advantage of this modeling approach is that it permits the user to 
explicitly specify such important factors as age at cofTniencement of expo¬ 
sure and duration of exposure. At the same time, as demonstrated in the 
sensitivity analysis contained In Appendix A, the lung cancer risk data 
for ETS exposure are sufficiently abundant and consistent that altering 
parameters of this modeling approach does not alter the conclusions about 
risk in any significant way. 

A comparison of the basic features of the two models is contained 
In Table 7-6. Both models have undergone peer review. The risk coef¬ 
ficients presented by these two models are: 

• For the Phenomenological Model, 5 excess lifetime lung 
cancer deaths/100,000 person-years exposure/mg 
RSP/exposure-day, ascribable to ETS assuming a constant 
exposure. The lung cancer rate 1S an average value based on 

1 ifetable statistics. . 

I : :. v. 

• For the Modified Armitage and Doll Model, 6.45 excess lung 

cancer deaths per 100,000 persons at risk/mg n 

SSP/exposure-day, ascribable to ETS. 

Using these risk coefficients, the risk of death from lung cancer 
as a result of exposure to ETS In elrllner cabins was determined as a 
function of number of yeers flown. For the Modified Armitage end Doll 
Model, the risk of death from cancer is dependent on the age of first 
exposure to ETS as a potential carcinogen. Therefore, each conmencefflent 
age warrants Its own unique exposure-response relationship, as depicted in 
Figure 7-2 for the Modified Armitage and Doll Model. The exposure- 
response relationship for the Phenomenological Model is presented In 
Figure 7-3. The graphs In these figures serve as risk nomograms, allowing 
an Individual to detarmlnt his or her appropriate unit of risk according 
to the number of years of flight (I.e., the nunber of years of exposure). 

In the case of the age-dependent Modified Armitage end Doll Model, the 

7-21 


PM3006451384 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



TABLE 7-6. COMPARISON OP THE PHENOMENOLOGICAL MODEL AND THE MODIFIED 
ARMITAGE AND DOLL MODEL 


ParaiMter 

Phenomenological 

Model 

Modified Armltage and Doll 
Model 

Age of first 
exposure 

Fixed at age 20 

Adaptable to any age 

Duration of exposure 

45 years 

Variable 

Linearity 

Linear at low doses 

Linear at low doses 

Stages of 
carcinogenesis 

None assumed 

5 

Concurrence of risk 
coefficients 

5 lung cancer deaths 
7100,000 exposed/mg 
/exposure-day 

6.45 lung cancer deaths 
7100,000 exposed/mg 
/exposure-day 
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risk (PREMATURE LUNG CANCER 
DEATHS/100,000 NONSMOKERS 
EXPOSED TO ETS) 



FIGURE 7-2. RISK OF CANCER DEATH USING THE MODIFIED 

ARMITAGE AND DOLL MODEL FOR VARYING DURATION 
AND COWENCEMENT OF EXPOSURE TO ETS 
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WSK (PREMATURE LUNQ CANCER 
DEATHS/100,000 NDNSMOKERS 
exposed to ETS) 



DURATION OF EXPOSURE (YEARS) 


FIGURE 7-3. RISK OF CANCER DEATH USING THE PHENOMENOLOGICAL 
model, for varying DURATIONS OF EXPOSURE TO ETS 
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appropriate curve representing the age at which flying cotnnences is 
selected prior to determination of the risk coefficient. 

7.2.4 Risk Characterization 

7 .2.4,1 Individual Risk 

Once the risk coefficient is determined, It 1$ multiplied by the 
appropriate exposure coefficient presented in Section 7.2.2 (on domestic 
fllghts--0.00001233 mg/h/exposure day for passengers and 0.00013400 
mg/h/exposure day for cabin crew members; on International 
flights--!].00000904 mg/h/exposure day for passengers and 0.00015000 
mg/h/exposure day for cabin crew members) to determine exposure-specific 
risk. The final expression is the Incremental risk due to premature lung 
cancer deaths among nonsmokers, ascrlbable to £TS on smoking flights. 

The procedure for determining risk can be illustrated in the 
following three examples, the parameters and results of which are sixn- 
marlzed fn Table 7-7. These examples are Intended to represent occupa¬ 
tional and nonoccupatlonal profiles of flying habits. Typical flight 
frequency and duration for cabin crew members were used for one exarr^le In 
the occupational setting. Flight frequencies and durations for passengers 
(representing profiles of a frequent flyer and a nonfrequent flyer) used 
for the two examples In the nonoccupatlonal setting are likely to be at 
the high end of the range. Risks for a rangt of other scenarios are pre¬ 
sented In Appendix B. Data on the nixnber of cabin crew members who smoke 
were not available. However, it is known that approximately 29 percent of 
U.S, adults aged 20 or older smoke (U.S. Department of Health and Human 
Services, 1969), 

Example 1. Risk determination for a cabin crew member who flies 
bo Kours per month or 960 hours per year (sea Table 6-1) on 
domestic flights: The total nunbtr of hours Is reductd by 6.25 
percent as an approximation of the flight time during which the 
no-smoking light Is IITunlnatad. resulting in 900 flight hours 
when smoking Is permitted. The period of flying Is 20 years, 
conmenclng at age 25. These values wart chosen because they 
represent the career length and career connencemant for a large 
percentage of cabin crew RMmbars (Association of Flight 
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TABLE 7-7. SUMMARY OF DATA CONTAINED IN THE EXAMPLE CALCULATIONS OF 
RI3X 



Example 1 

Example 2 

Example 3 

Cabin occupant 

Crew 

Business 

Casual 


Member 

Passenger 

Passenger 

Hours per year 

In flight^ 

900 

450 

45 

Number of years 
flown 

20 

30 

40 

Age at start of flying^ 

25 

35 

25 

Exposure coefficients (mg/h/exposure day) 



Domestic 

0.00013400 0.00001233 0.00001233 

International 

O.OOOISOOO 0.00000904 0.00000904 

Risk coefficients^ 




Phenomenological Model 
Modified Armltage and 

100 

150 

200 

Doll Model 

123 

49 

150 

Risk* 




Domestic 




Phenomenological Model 
Modified Armltage and 

12.06 

0.B3 

0.11 

Doll Model 

14.66 

0.27 

0.08 

International 




Phenomenological Model 
Modified Armltage and 

13.46 

0.61 

0.08 

Doll Model 

16.59 

0.20 

0.06 


'^Reduced by 6.2S% to account for periods of flying when no-smoking light 
Is Illuminated. 

^Appllcable to risks determined using the Modified Armltage and Doll 
Model. Risks determined using the Phenomenological Model are based on 
an assumed 35 years of exposure. 

^Premature lung cancer deaths/mg RSP/day/lOO.OOO exposed nonsmokers. 

^Premature lung cancer deaths ascribable to ETS/100,000 nonsmoking 
individuals on smoking flights. 
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Attendants 1988). The exposure coefficient for capm crew mem¬ 
bers on domestic fights Is 0.000134QO mg/h/da^. Referral to 
Figure 7-3 produces a unit cancer risk, for a 20-year duration of 
exposure, of 100 lung cancer deaths/mg RSP/day/100,000 exposed 
nonsmokers (who. In this case, are exposed nonsmoking cabin crew 
members on smoking flights). A final multiplication of the expo¬ 
sure coefficient (0.00013400 mg/h/day) by the unit cancer risk 
(100 lung cancer deaths/mg RSP/day/100,000 Individuals) yields a 
risk of lung cancer death amounting to 0.0134/100,000 for every 
hour flown In a smoking environment. Since cabin crew members 
are estimated to fly 900 hours per year during smoking periods, 
the Incremental risk of premature death from lung cancer ascri- 
bable to ETS on smoking flights Is 12.06/100,000 exposed cabin 
crew members, or l In every 8,292 cabin crew members, according 
to the Phenomenological Model of cancer deaths, as presented In 
Table 7-7. A similar calculation using the Modified Armitage and 
Doll Model In Figure 7-2 produces an Incremental risk of prema¬ 
ture death from lung cancer amounting to 14.86/100,000 nonsmoking 
cabin crew members on smoking flights, as presented in Table 7-7, 
or 1 lung cancer death per 6.729 nonsmoking cabin crew members. 

Example 2, Risk determination for a passenger who is represen- 
tative of a frequent flyer; This Individual logs 480 hours per 
year (reduced to 450 hours per year for the 6.25 percent of time 
when the no-smoking light Is assirted to be Illuminated). This Is 
approximately equivalent to an average of four round-trlp coast- 
to-coast flights per month. The Individual is assumed to con¬ 
tinue this pattern of flying for 30 years cotrmencing at age 35. 
to constitute what 1s likely an upper limit on the amount of time 
spent lf» an airliner cabin environment during a lifetime. The 
exposure coefficient for passengers on domestic flights is 
0.00001233 mg/h/exposure day. The unit cancer risk for this 
individual, according to the Phenomenological Model In Figure 
7-3, Is ISO lung cancer deaths/mg RSP/day/lOO.OQO exposed non- 
smokers. Taking into account the exposure coefficient and period 
of flying, the Incremental risk Is 150 x 0.00001233 x 450, or 
0.83 premature lung cancer deaths ascribabie to ETS for every 
100,000 exposed nonsmoking passengers on smoking flights, 
according to the conditions In this example, or 1 In 120,462 
nonsmoking passengers. The Modified Armitage and Doll Model pro¬ 
duces a risk of 49 x 0.00001233 x 450, equal to an Incremental 
risk of premature lung cancer death of 0.27/100,000 nonsmoking 
passengers on smoking flights as presented in Table 7-7, or 1 
lung cancer death per 370,370 nonsmoking passengers. 

Example 3. Risk determination for a passenger who Is represen- 
^atlve of a nonfrequent flyer: Flight time of 48 hours per year, 
adjusted for no-smoking periods, is assumed to be 45 hours per 
year for 40 years, comnenclng at age 25. The annual flight fre¬ 
quency was assumed to be one-tenth that of the frequent flyer in 
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example 2, occurring on a casual basis throughout adult life. 

The exposure coefficient 15 0^00001233 tng/h/exposure day and the 
Phenomenological Model unit cancer risk Is 200 lung cancer 
deaths/mg ftSP/day/100,000 exposed nonsmokers. The Incremental 
risk Is therefore 200 x 0.00001233 x 45, or 0.11 lung cancer 
deaths ascribable to ETS for every 100,000 exposed nonsmoking 
passengers on smoking flights, according to the conditions In 
this example, or 1 In 900,091 nonsmoking passengers. The 
Modified Armitage and Doll Model produces an incremental risk of 
150 X 0.00001233 x 45, equal to an incremental risk of premature 
lung cancer death of 0.08 as presented in Table 1-1, or 1 prema¬ 
ture lung cancer death per 1,250.000 nonsmoking passengers. 

7.2.4.2 Population-Based Risk 

For passengers, the risk of premature lung cancer death can be 
expressed on a population basis. In 19B7, 418 million domestic enplane- 
ments occurred (U.S. Department of Transportation, 19871, the average 
flight time was 1.84 hours (based on analysis of data provided by the 
Federal Aviation Administration) and smoking was permitted on 54.3 percent 
of all flight hours. It follows that, for current conditions under which 
a ban on smoking exists for flights wUh durations of two hours or less, 
estimates for passengers on domestic flights are: 

Passenger hours flown/year 

Passenger hours flown/year on smoking flights 

Reduced 6.25X for the time that the no-smoking 
light Is assumed to be lllunlnated on a flight 

Mumber of Individuals flying 45 hours per year 
(from Example 3 above) 

Number of 'lifetimes" of flying 40 years 
(from Example 3 above) 


Expected population-based risk (based on a risk 
of O.lt lung cancer deaths per 100,000 exposed 
nonsmokers according to the Phenomenological Model 
In Example 3 above, or l.l/m1Hlon) 


A similar calculation for passengers on International flights, 
using 52 million enplanements per year (U.S. Department of Transportation 

7-20 


418 million x 1.84 
769 ml 11 ion 
769 million x 54.3X 
418 minion 

391 million hours 
per year 


391 million / 
8.7 minion 


45 


8.7 mil 1100 / 40 
0.217 million 
passengers/yr 


0.217 million x 1.1 
/million 

0.238 prematitre lung 
cancer deaths per year 
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1987), an average flight time of 4.75 hours per flight (based on analj^sis 
of data provided by the Federal Aviation Administration), a flight fre¬ 
quency of 45 hours per year, a duration of flying of 40 years, and a risk 
of 0.08 premature lung cancer deaths per 100,000 exposed nonsmokers (from 
Example 3 above) results in a population-based risk of 0.122 premature 
lung cancer deaths per year. (In this calculation, all flights are pre¬ 
sumed to De smoking flights, so that the fraction of flight hours on which 
smoking Is permitted is reduced only by the time that the no-smok1ng light 
Is 111umlnated--assined to be 6.25 percent.) 

.xFbr ^abln crew members on domestic fllgh^^ the calculation is 
somewhat different, based on the number of individuals logging approxima¬ 
tely 960 hours per year (80,000; see Table 6-1), and the proportion who 
fly on domestic (0.7) and International (0.3) flights. Using 54.3 percent 
as the percent of flight hours during which smoking Is permitted under the 
two-hour ban enacted in 1938, then: 


Number of cabin crew members flying on domestic 
flights 

Of these, nunber of cabin crew members flying on 
smoking flights 

Number of 'lifetimes* flying 20 years (from 
Example 1 above) 

Expected population-based risk (based on a risk 
of 12.06 lung cancer deaths per 100,000 exposed 
nonsmokers In Example 1 above) 


. 80,000 X 0.7 
> 56,000 

- 56,000 X 0.543 

- 30,408 

- 30,403 / 20 

- 1520 


- 1520 X 12.06/100,000 

- 0.183 premature 
lung cancer 
deaths per year. 


y- 
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For cabin cr«w members on International flights 
the calculation is: 


Number of cabin crew members flying on International 

flights . 80,000 X 0.3 

- 24,000 

Number of •lifetimes* flying 20 years (from 

Example 1 above) • 24.000 / 20 

> IZOO 

Expected populat1on>based risk (based on a risk 
of 13.46 lung cancer deaths per 100,000 exposed 
nonsmokers according to the Phenomenological Nodel 

In Example I above) > 1200 x 13.46/100,000 

> 0.162 premature 
lung cancer deaths 
per year. 

All International flights in this case are presumed to be smoking 
flights, so that no reduction In the number of flights to account for 
those that are nonsmoking Is necessary. 

7.2.5 Discussion 

The cancer risk coefficient for 45 years of exposure to RSP as a 
surrogate for ETS is 5 premature lung cancer deaths per 100,000 (5 x 10~^) 
nonsmokers per mg RSP, ascribable to ETS, as derived from the 
Phenomenological Model by Repace and Lowrey (1985). The counterpart age- 
dependent risk coefficients using the Modified Armitage and Doll Model 
range from 40 premature lung cancer deaths per 100,000 (4 x 10’^) nonsmo¬ 
kers, for exposure conmenclng at 35 years of age, to 600 premature lung 
cancer deaths per 100,000 (6 x 10'^} nonsmokers for exposure conmenclng at 
S years of age. For comparison, risk coefficients for other chemicals 
that present a potential for inhalation exposure are presented In Table 
7-8. All of the substances listed in this table are regulated by the EPA 
under Its various statutes. 

The risks calculated here are well within the spectrjn of risks 
from other carcinogen exposures. The risks derived from the 
Phenomenological Model end the Modified Armitage and Doll Model suggest 
that two approaches which differ in both design and data base give nearly 
the same result. The major divergence is for the case of exposure early 
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TABLE 7-8. SISK COEFFICIEMTS FOR A RANGE OF CHEMICALS IN 
COMPARISON WITH ETS IN AIRCRAFT CABINS 


Risk Coefficient 
(Cancer Potency Factor) 
and Cancer Classification^ 


ETS (PhenoTfienologlcal Model) 
ETS (Modified Armitage and 
Ooll Model) 

AcrylonUrl Je 
Arsenic and compounds 
Benzene 

Bi$(chlorom«thyl)ether 
1 ,2-01cMoroetnane 
Ethylene oxide 
Nickel and compounds 
Tetrachloroethylene 
Trichioroethylene 
Polynuclear aromatic compounds 
Vinyl chloride 


5 X 10-5 

6 X 10"’ conmenclng at 5 years 
4 X 10"* conmenclng at 35 years 


2.4 

X 

10-1 

B1 

5 

X 


A 

2.6 

X 

10-2 

A 

9.3 

X 

103 

A 

3.5 

X 

10-2 

B2 

3.5 

1.19 

X 

10-1 

B1/B2 

A 

1.7 

X 

10-3 

B2 

4.6 

6.11 

X 

10-3 

B2 

2.5 

X 

10-2 

A 


IAs determined by the Lf.S. Environmental Protection Agency. 
Classifications A and B (human carcinogen and animal carcinogen, 
respectively) usually result In regulatory action# 
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In life using the Modified Armitsge and Doll Model where risk Is elevated 
by an order of magnitude, relative to risks from exposure cormenclng iater 
In life. This Is because exposure to first-stage carcinogens is espe¬ 
cially damaging to the young. While making other assunptlons regarding 
stage of action would generally reduce these risks, It would generally 
elevate risks In older travelers, who constitute the majority of the tra¬ 
veling public (Murdoch and krewskl 1968). Thus the fundamental results 
obtained here are not "conservative* In the sense that they overstate 
actual risk. Rather, they are the best estimates implied by the data base 
and the models selected, worst-case, upper-bound, estimates such as are 
often used In a regulatory context could well be a factor of five higher, 

7.3 QUANTITATIVE ESTIMATIOM OF ACUTE RESPIRATORV EFFECTS 

The most conmon complaint from exposure to ETS-based carbon 
monoxide and nicotine Is upper respiratory tract and ocular Irritation, as 
verified by the descriptions of prior investigations in Section 7.I.I. 

Two studies provide empirical dose-response measures of respiratory and 
ocular Irritation from exposure to various levels of carbon monoxide (Cain 
et al. 1987) and nicotine (Mattson et al. 1989). These dose-response 
relationships were applied to the carbon monoxide ana nicotine levels 
obtained in this Investigation to determine whether these pollutants, at 
their observed concentrations, constitute sources for health effects. 

7.3.1 Carbon Monoxide 

Carbon monoxide (CO) was measured continuously during all 
flights. This presented an opportunity to disclose peak concentrations 
that might have appeared at various times throughout flight. Short-term 
CO concentrations have been tested as surrogates for the acute respiratary 
irritant properties of ETS tn smoking environments. Therefore, peak con¬ 
centrations of CO as a surrogate for ETS as a short-term respiratory Irri¬ 
tant are of interest In the aircraft cabin environment. Accordingly, 
continuous 30-ffl1nute averages of CO concentrations were plotted as a func¬ 
tion of their cunulative frequency In the snnklng, boundary, and 
nonsmoking sections, as presented In figure 7-4. Thresholds for dlscom- 
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CARBON MONOXIDE (ppm) 



FISURE 7-4. CUMULATIVE FREQUENCY OISTRIBUTION OF CARBON 
MONOXIDE CONCENTRATIONS AT SMOKING, BOUNDARY, 

AHO NONSMOKING SEAT POSITIONS ON DOMESTIC SMOKING 
FLIGHTS. AMO PERCENTS OF INDIVIDUALS DISSATISFIED 
AT THE 2 PPM AND 5 PPM LEVELS 
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fort as described by Cain at al. (1987) for 2 ppm and 5 ppm CO were 
superimposed over the concentration-frequency plots as an Indication of 
the levels of CO and frequencies with which discomfort to eyes, nose, and 
throat might occur from exposure to these levels. These researchers 
determined that the 2 ppm level of CO produced dissatisfaction among 
12 percent of individuals exposed for 60 minutes, while the 5 ppm of CO 
produced dissatisfaction among 18 to 30 percent of Individuals exposed 
for 60 minutes (this range Includes eye, nose, and throat irritation). It 
Is apparent from Figure 7-4 that approximately 32 percent of the 30-ffl1nute 
CO averages exceeded 2 ppm In the smoking section of the aircraft cabin. 
Applying the data of Cain et al., this Implies that on 32 percent of the 
flights where CO levels exceeded Z ppm, 12 percent of the occupants 
sitting 1n the smoking section would experience respiratory discomfort 
after 60 minutes of exposure to CO from ETS. Similarly, on S percent of 
all flights tested, the 30-mlnute CO averages exceeded 2 ppm in the boun¬ 
dary and nonsmoking sections. This Implies that on 5 percent of the 
flights, 12 percent of the nonsmokers in these sections would be dissa¬ 
tisfied. It Should be noted that In the Cain et al. study, 25 percent of 
the individuals tested were smokers. In addition, odor perception. Over a 
60-m1nute time period, for occupants of a space containing 2 ppm or 5 ppm 
CO as a surrogate for ETS (e.g., passengers or cabin crew members In an 
aircraft cabin containing ETS) would be less sensitive than for visitors 
to that space (e.g., the flight engineer who leaves the flight deck to 
visit the cabin). 

7.3.2 Nicotine 

Integrated samples of nicotine were taken on 61 domestic smoking 
and 8 International smoking flights. The results of sample analysis for 
domestic flights are presented in Figure 7-5, as the percentages of 
flights with nicotine concentrations at or below the plotted values. For 
domestic flights, nicotine was below the detection limit in the smoking 
section on 5 percent of flights, lower than detectable in the boundary 
section on 62 percent of flights and lower than detectable in the 
nonsmoking section on 75 percent of flights. Recognising that integrated 
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NICOTINE (ug/m' 3 ) 
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FIGURE 7-5. CUMULATIVE FREQUENCY DISTRIBUTION OF NICOTINE 
CONCENTRATIONS AT SMOKING. BOUNDARY, AND 
NONSMOKING SEAT POSITIONS ON DOMESTIC SMOKING 
flights, and THRESHOLDS FOR NO, MODERATE, AND 
marked PERCEPTIONS OF IRRITATION 
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samples do not reveal peak short-term concentrations during flight* 
average concentrations of nicotine never exceeded 2 yg/m^ In the 
nonsmoking section and 5 yg/m^ 1n the boundary section. Nicotine con¬ 
centrations obtained on International flights and In a recent study by 
Mattson et a1. (1989) presented too few data points to construct valid 
plots. 


The level of discomfort from ETS measured as ETS-generated nico¬ 
tine aboard aircraft, observed by Mattson et al. (1989), was superimposed 
over the concentration data In Figure 7-5. These researchers determined 
that no subjects reported moderate or mild sensory response of the nose 
and eye at a concentration of 4 yg/m^. Using this value as a threshold 
for response in the present study, nicotine In the boundary and nonsmoking 
sections did not reach concentrations that would provoke nose and eye 
Irritation on any flights. Nicotine concentrations did exceed this 
threshold concentration In the smoking section on 65 percent of the 
domestic flights that were monitored. Subjects in the Mattson et al. 
study reported marked sensory response at nicotine concentrations of 
approximately 16 yg/m^. this value significantly exceeded nicotine levels 
In the boundary and nonsmoking sections of all domestic flights that were 
monitored, so that marked sensory responses from nicotine would not be 
expected. However, nicotine concentrations in the smoking sections of 
35 percent of all domestic flights monitored reached levels that would 
evoke a marked sensory response in the eye and nose. 

7.4 ESTIMATION OF CAftOlOVASCUUft EFFECTS 

While ETS has been shown as an etlologle agent of cardiovascular 
disease (Wells, 1988), no definitive data exist on the quantitative rela¬ 
tionship between ETS and ischemic heart disease, particularly for Indivi¬ 
duals with preexisting cardiovascular Illness, as acknowledged by the 
National Research Council (I986a) and the U.S. Department of Health and 
Human Servlets (1983). Simply put, not enough Is known about the phy¬ 
siology and etiology of E7S-1nduced cardiovascular diseast to postulate a 
dose-response model. 
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Scientific evidence suggests that CO Impacts the cardiovascular 
system {causing angina and cardiac ischemia) and implies that nicotine 
also has an effect. In the case of CO* a recent multicenter investigation 
has demonstrated that 3 percent carboxyhemoglobln contributes to the 
expression of angina (Health Effects Institute, 1988), which is a symptom 
of cardiac effect but not necessarily indicative of coronary heart 
disease. In that study, an exposure chamber CO concentration of 9 ppm for 
up to 50 minutes produced 3 percent carboxyhemoglobln. The EPA has esti¬ 
mated that in the ambient air environment, 2.7 percent (at rest) or 
2.9 percent (with moderate exercise) carboxyhemoglobln is egulvalent to 
beathing an ambient air CO concentration of 20 ppm for 8 hours. Based on 
the Coburn equation (Federal Register, 1965). Similarly, 2 percent car¬ 
boxyhemoglobln is equivalent to breathing 35 ppm CO for one hour (with 
moderate exercise) or 15 ppm CO for 8 hours (at rest). This is the basis 
of an EPA a-hour standard of 9 ppm for CO (Federal Register 1985). 

However, the contribution of CO in ETS to nonsmoker carboxyhemoglobln is 
unknown. Smokers self-dose with ETS-derived CO to a level of 3 to 
8 percent carboxyhemoglobln; the nonsmokers' ETS-induced carboxyhemoglobln 
levels are presumably less. Endogenous carboxyhemoglobln levels (In the 
absence of ambient air CO) in the U.S. population are approximately 
0.5 percent. The CO levels measured aboard aircraft in this study, 
including the peak concentrations, were considerably less than 9 ppm. 

7.5 EFFECTS OF ETS ON SPECIAL POPULATIONS 

Children, asthmatics, and individuals with preexisting cardio¬ 
vascular disease constitute populations of special concern for the health 
effects of ETS, 

Although there Is evidence to suggest that the respiratory system 
of childrtn is affected by chronic exposure to ETS (based on studies of 
children in homes of smoking pirenti), given the small nutter of hours 
thet children fly, the risk from exposure to ETS in ilrcreft cabins is 
likely to be small. 

Currently available date are insufficient to quantify the impact 
of carbon monoxide on asthmatics. A recent review by the EPA (U.S. 
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Environmental Protection Agency 1909a) on the current status of knowledge 
regarding the health effects of CO demonstrates a lack of information in 
this area. There are indications in individual research papers of what 
conceptually may be the effects of exposure to CO by asthmatics (e.g., 
decrease In lung cell function and degradation of epithelial cell 
Integrity). Any quantitative observations as to where the threshold for 
acute respiratory effects of CO on asthmatics lies, and whether it 1s 
1 lke1y to be lower and the symptomatic response larger than for nonasth* 
matics, are currently considered to be speculative. Similarly, the quan¬ 
titative Impact of CO on preexisting Ischemic heart disease or other 
cardiovascular illness at the levels observed In airliner cabins currently 
cannot be estimated because health data are Insufficient. 

The Impact of nicotine on the respiratory system of asthmatics Is 
even more poorly understood than for carbon monoxide. Ho empirical quan¬ 
titative data are available to determine the level of nicotine that would 
provoke an asthmatic response, or whether the level causing respiratory 
irritation in nonasthmatics is different from that causing Irritation in 
asthmatics. 
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Sectten 8.0 

RISK ASSESSMENT FOR OTHER CONTAMINANTS 


8,1 BIOAEROSOLS 

In genera). Illnesses associated witn Indoor air exposure to 
bloaerosols include two major categories: Infections (e.g., measles. 
Influenza, legionnaire*s disease), and hypersensitivities (e.g., humi¬ 
difier fever, hypersensitivity pneumonitis, asthma, and allergic 
rhinitis). Although infectious diseases can be transmuted via indoor air 
(Bloch et a1. 1985; Robinson et al, 1983; Bitton, 1980; Senenson 1985; 
Richardson and Barkley 1984), Indoor bloaerosol Investigations are most 
often only appropriate for assessing microorganisms potentially respon¬ 
sible for hypersensitivity diseases. This 1s because the sampling metho¬ 
dology and sampling efficiency for Infectious agents (e.g,, viruses that 
are known to be infective via the airborne route such as rhlnovlrus. 
Influenza virus, coxsackievirus, adenovirus, and measles virus) are 
usually inadequate. Consequently, outbreaks of hypersensitivity diseases, 
such as Interstitial lung disease and febrile syndromes are among the best 
documented Indoor alr-related diseases. Numerous case reports have 
described exposure to microbial allergens from a variety of sources 
Including home humidifiers, HVAC systems, car alr conditioners, saunas, 
carpet, cooling towers, bathroom fixtures, and cooling process sprays 
(Morey and Feeley 1988; Burge et al. 1987; U.S. National Institute of 
Occupational Safety and Health 1987). In addition to the pulmonary 
diseases, recurrent outbreaks of fever, leukocytosis, chills, muscle 
aches, and malaise are part of the hypersensitivity disease spectrum. 

Attack rates have varied from 1 percent to 70 percent (Kreiss and Hodgson 
1983). Various bacteria, fungi, and protozoans have been implicated in 
outbreaks and case reports, including Hleropolyspora faenl . Bacillus sub- 
tills . Flavobaeterla . thermophinic Actlncmyces . Penicllllum species, and 
Amoebae species. The most specific clinical test for hypersensitivity 
pneumonitis Is bronchial challenge with either antigen or the implicated 
source media (e.g., water); however, this test is restricted to clinical 
facilities because of the severity of reactions which may be possible. 
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Other tests of clinical or scientific interest include erythrocyte sedi¬ 
mentation rate, HLA-haplotpy• atopic status, rheumatoid factor, 
bronchoaveolar lavage, galllin scan, lymphocyte blast transformation, 
antigen in lung tissue at blops^. electron mlcrographlc findings, and 
nasopharyngeal swabs. Convincing demonstration of the specific microbial 
etiology of hypersensitivities (and Infections) requires culture of air 
and water samples taken from plausible sources, as well as clinical evi¬ 
dence (e.g., body fluid cultures, medical evaluations, serum antibody 
levels). 


Other hypersensitivity disorders, such as asthma and allergic 
rhinitis, are less clearly documented in the medical literature to be 
associated with saprophytic bioaerosols 1n Indoor environments. Symptoms 
may occur within an hour of exposure or may be delayed for up to 6 to 12 
hours. A pattern of exacerbation of asthma or rhinitis In relation to 
occupancy in Indoor environments will usually be present when the issue of 
bioaerosols is raised, since these conditions are common In the general 
population. 

Aircraft cabins present unique indoor air conditions and few 
Indoor environments can serve to adequately predict potential health rises 
aboard aircraft. Submerine and spacecraft indoor environments are com¬ 
parable, with the exception of their complete air recirculation systems 
(no outdoor air Is available). Studies which have measured submarine and 
spacecraft Indoor bioaerosols (Brockett and Ferguson 197S: Brockett et 
a1. 197S; Watkins 1970) suggest that these environments generally do 
not hava unusually high microbt concentrations (I.e.. below 20 Colony 
Forming Units (CFU) per nP of air sampled). However, the potential risk 
of contracting a contagious disease on an aircraft is exen^Ufled by a 
report Of an influanza epidemic on a grounded aircraft. The aircraft was 
grounded for four hours in Alaska and 72 perctnt of the passengers became 
111 (Matlonal Research Council 196€). This Incident emphasizes the Impor¬ 
tance of adequate ventilation both during flights and particularly,while 
on the ground. 
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The following sections discuss potential types and sources of 
bloaersols in aircraft, envlronrtental factors associated with their 
growth, amplification, survivability, and transport. In addition, the 
results of this Investigation with respect to measured bioaerosol con¬ 
centrations in aircraft cabin air are presented, including their health 
significance and general recomnendatlons for minimizing the risk of 
indoor air-related diseases for airliner passengers and cabin crew mem¬ 
bers. 


8.1.1 Types and Sources of Potential Sloaerosols ln Aircraft Associated 
with Human Health Effects ~~ 

At cruising altitudes, outside air contains relatively few 
particle-associated microbiological organisms (National Research Council 
1986b}. However, outside air which enters the aircraft while on the 
ground carries a considerable spectrun of microorganisms Including viru¬ 
ses, bacteria, actinomycetes, fungal spores and hyphae, animal and human 
dander, and arthropod-associated particles (Burge 1985). 

As mentioned previously, many viral diseases can be transmitted 
by the aerosol route (e.g., Influenza, measles, chicken pox. smallpox, 
colds, rabies, Vcnezuelen Equine Encephalitis, Newcastle disease, 
Infectious Mononucleosis, Yellow Fever, Rift Valley Fever, Foot and Mouth 
Disease, Swine Vesicular Disease, and Poliomyelitis). The primary source 
of Indoor viral and bacterial aerosols are hunans and animals (Spendlove 
and Fannin 19B3). Airliner passengers can create these aerosols by pro¬ 
cesses such as coughing, sneezing, talking, and singing (Letts and 
Doermer 1983). A sneeze, for example, produces Urge droplets which upon 
desiccation remain airborne. These particle-associated microorganisms 
can remain Infective for hours and even days depending upon the environ¬ 
mental conditions. Bacterial species ere usually not found ln infectious 
concentrations In the outdoor air, with the exception of several species 
(e.g., soil organisms such as Legionella). However, bactcrle have been 
well recognized in Indoor environments, particulerly In hospitals (e.g., 
nosocomial infections), es the etiological agents rtsponsible for infec- 
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tionj of the hunan respiratory tract (e.g., group A Streptococcus ^. Human 
dispersion (via skin despuamation, talking, coughing, and sneezing) of 
both Streptococcus and Staphylococcus species (e.g.. Staphylococcus 
aureus ) have also been studied as nosocomial infection risks (Benenson, 
1985). 


Fungal spores, some of which are of pathogenic significance 
(e.g,, soil-associated Coccidioides liwTritls In the southwestern United 
States), are present in the outside air, and passengers and cabin crew 
members boarded on an aircraft could be exposed when the aircraft is 
grounded and the doors are opened for unloading passengers, baggage, and 
other materials. Kany fungi can grow and reproduce on man-made surfaces, 
given appropriate organic substrates and moisture conditions. When 
disturbed, they can produce dense aerosols that can accunulate within 
enclosed environments. A wide variety of fungi have been isolated from 
air and many fungal diseases (e.g., aspergillosis, coccldiomycosis, 
histoplasmosis, blastomycosis, and cryptococcoses) are known to be 
transmitted via the transport of spores or spore-bearing soil particles. 
Sufficient exposure to fungal aerosols can result In hypersensitivity 
diseases, such as hypersensitivity pneianonitls. allergic rhinitis, and 
allergic asthma in susceptible persons (Burge 1985). 

Other sources of bloaerosols could include cargo compartments 
transporting animals. Animal dander, feces, urine, arthropods, con¬ 
taminated baggage, and microorganisms transported in culture could a 11 
potentially contribute to aerosols within aircraft. Aerosol transport to 
passenger sections could occur depending upon the airflow patterns for a 
given aircraft. 

8.1.2 Environmental Factors Associated with Bleaerpsel Emission, 

Transport. an^Tati 

Assessment of the risks associated with resplritory infection and 
hypersensitivity diseases resulting from exposure to Indoor elr bloacro- 
sols Involves meny complex and interrelated environmental, host-specific, 
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and microbe-specific factors. Factors involved In the experimental eval¬ 
uation of respiratory risk include: 

• source strength 

• concentration of viable units 

• spray factor 

• biological behavior 

• type of environmental release 

• Influence of air volime 

• ventilation rate 

• host-specific factors (e.g., limune status) 

• microbe-specific factors (e.g. pathogenicity) 

• relative humidity 

• ten^erature 

• organism half-life in a1r. 

The source strength on an aircraft would include variables such 
as the number of people (load factor), the number of people with respira¬ 
tory or skin Infections, and the ability of microbes to bioamplify, which 
depends upon substrate availability, nutrients, water, temperature, and 
pH. The source strength Is also Influenced by the degree of sporulatlon 
and spore-cell availability. These depend on relative humidity, tem¬ 
perature. light, viability, and colony morphology (National Research 
Council 1986). Host-specific factors such as limunologlcal status, 
existing antibody titers, pre-existing Illnesses, vulnerability of speci¬ 
fic cells In the nasal and respiratory tracts to colonization and Infec¬ 
tion, and exposure duration could be highly variable for people on a given 
flight. Further microbe-specific factors such as Inhalation dose-response 
relationships, are unknown for most organisms. For example, the nurper of 
fungal spores required for a given species to induce hypersensitivity 
diseases remains largely unknown and most likely varies considerably with 
the susceptibility of the host (Platts-Mllls et al. 1985; Burge 1965). 

As mentioned previously, disease transmission through the air Is 
known to occur both by droplets and droplet nuclei (Spcndlovt and Fannin 
1983; National Research Council 1986). Methods of aerosolIzitlon Include 
dispersal by coughing, sneezing, talking, air movement, water splashing, 
and turbulenca. Talking can product as many as 2.000 particles per explo¬ 
sive sound and a sneeze can produce approximately 2 million viable par- 
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tides (Spendlove end Fannin 1983). Usually, these particles do not 
remain airborne for long periods, but are respirable and highly Infective. 

The persistence of viruses, bacteria, and fungi In the airborne 
state (and consepuently the risk of health effects) depends on numerous 
environmental factors, the most important of which are relative humidity, 
desiccation, solar radiation, and temperature. The decline of microbes in 
the airborne state proceeds at two stages. First, there Is a rapid die¬ 
off of the microbe following Initial shock due to desiccation. This stage 
lasts seconds and It has been estimated that 0,5 logjo microbes undergo 
inactivation (Bitton 1980). The second stage is slower and is influenced 
by the variables of relative humidity, temperature, and solar radiation. 

Relative hijnldlty appears to have an inverse relationship with 
the viability of some viruses (LoosH et a1. 1943), whereas for some 
bacteria this relationship Is reversed; the higher the hualdlty, the 
longer the survival of bacterial aerosols. It 1S generally recomended 
that the relative humidity ln indoor spaces be maintained at levels less 
than 70 percent and less than 50 percent where cold surfaces are in con¬ 
tact with room air (Burge et al. 1987). In tnost aircraft, the relative 
htanldlty Is low, which would greatly Inhibit bacterial survival. However, 
viruses could plausibly remain viable for longer time periods. Extreme 
temperatures (hot or cold) are limiting factors for b1oampliflcat1on of 
most bacteria and fungi (viruses are intracellular parasites and require 
host cells for replication). However, the temperature ranges (i.e., 
average of approximately 75 ’F) found on aircraft are not likely to have 
substantial limiting effects because of the need to maintain comfort, 

8,1.3 Bioaerosol Concentrations In Airliner Cabins; Empirical Data . Health 
Significance, and Risk Characterlratlon 

Bacterial and fungal aerosol concentrations measured as part of 
this Investigation were presented previously In Tables 4-24 and 4-25, 
respectively. These tables list the average Colony Forming Units per 
cubic meter (CFU/m^) of air sampled for total bacteria and fungi on 
smoking and nonsmoking flights. In addition. Table 4-24 lists the eon- 
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centratlons of Staphylococcus species on smoking and nonsmoking flights. 
Tables 4-26 and 4-27 list tht frequency of detection for predominant bac¬ 
terial and fungal species, respectively, for both smoking and nonsmoking 
flights. 


Interpretation of the health significance of these data Is most 
appropriately approached by Initially determining if aircraft bfoaerosol 
concentrations could reasonably be anticipated to pose risks to "healthy* 
passengers and cabin crew members. If this evaluation suggests that 
measured bloaerosol concentrations do not pose significant risks, quan¬ 
titative Investigation of microbe- and host-specific factors (e.g., infec¬ 
tious dose, pathogenicity, organism survivability, susceptible 
subpopulatlon distribution on aircraft, epidemiological circumstances) are 
not necessary and successful recommendations can likely be made In general 
terms with respect to environmental (e.g., ventilation rates, relative 
humidity, temperature) and operational factors (e.g., time spent on the 
ground without ventilation, a1r filtration methods) which are necessary to 
minimize the possibility for bloampllficatlon and exposure to pathogenic 
microorganisms In aircraft. 

It 1$ acknowledged that "nonhealthy* Individuals, such as Imnuno- 
compromlsed persons, may be at risk for Infection or hypersensitivity 
diseases In densely populated, enclosed Indoor spaces. Further. It Is 
assumed that these individuals do not represent the "average* airliner 
passenger population and that reductions in their risk of acquiring 
bioaerosol-related diseases would require Isolation from such environ¬ 
ments. Thus, for 'healthy* passengers and cabin crew members qualitative 
risk assessment methods can be used to determine the health significance 
of the data presented in Tables 4-24 and 4-25 and whether these data 
justify further analyses and research. These quilltatlvft risk assessment 
methods include: 1) 'rank order assessment* and 2} assessment of the rela¬ 
tionship of bloaerosol concentrations to critical environmental factors 
('environmental factors assessment*], including source strength as 
expressed by passenger load factor, air recirculation conditions, air 
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exchange rate, type of aircraft, smoking versus nonsmoking flights, tem¬ 
perature, and relative humidity. 

8.1,3.1 Rank Order Assessment 

As applied in most indoor air evaluations for OioaerosoJs, the 
rank order assessment involves comparison of the orevaience of taxa 
masured in the Indoor environment to the prevalence of taxa simulta¬ 
neously measured outdoors (Surge et a). 1987). In general, Indoor levels 
of microorganisms, particularly fungal spores, should be approximately 
less than one-third of outdoor levels (Burge et al. 1987). It Is lir^or- 
tant to note that the outdoor air should be the most predominant source of 
the organisms being evaluated and, thus, should be qualitatively similar 
to the Indoor air. Higher concentrations of a given taxa indoors versus 
outdoors suggests bioamplification and the potential for adverse health 
effects given that the taxa Is pathogenic for humans and there are suscep¬ 
tible persons being exposed. These ranked populations can be compared 
qualitatively or quantitatively using Spearman Rank Order Correlation 
(Dixon and Massey 1969). This statistical procedure is used because 
bioaerosols rarely follow a normal distribution which precludes the use of 
parametric statistical methods. 

Measured (average) bacteria concentrations (Table 4-24) were 
somewhat higher in the smoking (163 than nonsmoking sections 

(l3l CFU/m^) of monitored smoking flights, and the average level in the 
nonsmoking sections on these flights was Identical to that on nonsmoking 
flights {131 EFU/m^), Measured (average) fungi levels (Table 4-25) were 
somewhat higher on nonsmoking flights (9.0 f.FU/m3) than smoking flights 
(5.S CFU/m^). It Is Important to note the standard deviations for these 
mean values and the general observation that mlcreorgarlsra concentrations 
were very low In all cases. 

Since outdoor air at cruising altitudes is likely to have few 
biological particles of any kind, the rank order assessment comparison is 
best performed using data from other btoaerosoi studies where no signifi¬ 
cant health risks were found to exist. Several studies offer such com- 


8-8 


Source: https://www.industrydocuments.ucsf.edu/docs/nmxjOOO 



parlson to the ranked cabin air bloaeroso! data presented previously in 
Tables 4-26 and 4-27. Table 3-1 presents "normal background* airborne 
concentrations of various microflora measured in 240 homes (Tyndall et al. 
1987). Tables 8-2 (Solomon 1976) and 8-3 (kozak and Gallup 1984; Kozak 
1979) present similar data from a study of the prevalence of fungi encoun¬ 
tered indoors. With respect to bacterial taxa prevalence in cabin air. 
Micrococcus , Staphylococcus , anthrobactor . CorynebacteriLW . and Bad 1lus 
were the most frecjuently identified taxa. These taxa are cotmonly found 
In Indoor environments, such as homes, as suggested In Table 8-1 and most 
Importantly, the concentrations measured in the airliner cabins in this 
study (Table 4-24) were low and not indicative of indoor bioaerosol 
problems. The presence of Staphylococcus aureus is probably an Indication 
of the density of hixnan occupancy because this organism Is normally shed 
by humans on skin scales. No conclusion on risk of Infection due to this 
organism should or can be made because it is associated with Infections 
only with Itmiunocompromlsed Individuals or persons in critical care faci¬ 
lities. 


With respect to the ranked order of fungi measured In cabin air 
(Table 4-25), Cladosporlum . Alternaria , Aspergillus , Penicll1ium , and 
Epieoeeum were the revaient taxa. As shown in Tables 8-2 and B-3, 
fungal prevalence indoors during the winter 1$ very similar to that found 
In airliner cabin air. Further, the fungal concentrations found in cabin 
a1r (Table 4-25) are low and not indicative of an indoor bioaerosol 
problem. 


In summary, the bacteria and fungi present in the airliner cabin 
air of flights measured in this study do not appear to be present at con¬ 
centrations generally thought to pose risk of illness. The taxa normally 
encountered In Indoor environments characterized as 'normal* are also 
found in cabin air environments with simller prevalence and at similar air 
concentrations. 
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TABLE 8-1. AIRBORNE CONCENTRATIONS OF VARIOUS BACTERIA AND FUNGI 
measured in 240 HONES^ 


Stitner (CFU/it>3} Winter (CFU/m3) 

Indoor Outdoor Indoor Outdoor 


Bacillus 

Average 1273 


Range 

0-6000 

Micrococcus 

Average 

Range 

71 

0-633 

Staphylococcus 

Average 

Range 

143 

0-5466 

Penicmiun 

Average 

Range 

870 

0-6200 

Aspergillus 

Average 

Range 

48Z 

0-3000 

Other Fungi and Yeast 
(Hucor, Fusarlum, Candida) 
Average 

Range 

135 

0-1350 


603 

818 

260 

0-6200 

33-3300 

1715 

16 

68 

26 

0-333 

0-383 

0-583 

28 

250 

18 

0-466 

0-1450 

0-283 

1166 

80 

26 

0-8066 

0-3033 

0-350 

342 

45 

17 

0-5400 

0-450 

0-267 

101 

90 

23 

0-733 

0-1266 

0-216 


ijyndan et a1. {1987} 
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TABLE 8-2. PREVALENCE PARAMETERS FOR FUNGI ENCOUNTERED 
INDOORS IN WINTER^ 



Recovered 

Heen Indoor 


In Homes 

Levels Where Recovered 

Type 

No. 1 

Range 


Penlcll Hum 

138 

92.D 

71.3 

1-2,260 

CUdosporluRi 

122 

81.2 

3.7 

1-43 

Rhodotbruia 

114 

75.9 

173.0 

1-8,412 

Nonplgmented yeasts 

62 

70.7 

39.1 

2-1,485 

Asperql11 us 

A1ternarla 

47 

31.3 

24.4 

1-946 

37 

24.6 

1.1 

1-6 

Gcotrlchuni 

28 

18.6 

110.7 

1-2,614 

Aureobasidlixn 

26 

17,3 

4.2 

1-36 

Cephalbsporlum 

17 

11.3 

189.1 

2-3,760 

Sporobolomyces 

14 

9.3 

576.2 

9-6,113 

Candida 

14 

9.3 

1.7 

1-7 

Epicoccum 

14 

9.3 

1.6 

1-10 

“Paeci fbmyces-l Ue* 

10 

6.7 

3,817.2 

6-18,436 

VertlclnIgm 

10 

6.7 

313.9 

1-2,064 

Sporothrlx 

9 

6.0 

307.6 

4-886 

Sphaeropsldales 

S 

5.3 

2.7 

1-6 

Fusarlum 

8 

5.3 

197.4 

3-624 

TrtchosDoron 

4 

2.7 

88.2 

2-341 

scopuiarlopsls 

3 

2.0 

104.6 

1-310 

Buliera 

Miscellaneous 

2 

1.3 

289.5 

13-566 

Identified 

Unidentified 

42 

28.0 

3.3 

1-21 

sporulating 

unidentified 

5 

3.3 

3.0 

1*6 

nonsporulating 

21 

14.0 

5.7 

1-28 


ISolomort (1976) 
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TABLE 8-3. ISOLATION, PRREOOENCY, AND CONCENTRATION Of VIABLE MOLDS 
IDENTIFIED IN A SURVEY OF 68 HOMES IN SOUTHERN CALIFORNIA^ 


Hold Genera 

Percent of Homes 
In which 
Genera Isolated 

Range of 
$pore$/mJ 

Mean of 
Spores/m^ 

CTsdosporiuffl 

100 

12-4673 

437.7 

. Penicl1 1 turn species 

91.2 

0-4737 

168.9 

Nonsporulating mycelHa^ 

89.7 

0-494 

44.3 

Alternaria 

87.0 

0-282 

30.7 

S'treptbmyces 

58.S 

0-212 

28.1 

Epicoccuffl 

52.9 

0-153 

9.6 

Jsperglllum species 

48.5 

0-306 

15.0 

Aureobasidium 

44.1 

0.294 

8.0 

Drechslera (Helmlnthosporlum) 

38.2 

0-94 

6.9 

Cephalosporlum 

36.7 

0-59 

5.3 

Acrenomluffl 

35.3 

0-188 

3.6 

Fusarium 

25.0 

0-47 

4.5 

Botrytls 

23.5 

0-54 

2.9 

Aspergillus niger 

19.1 

0-59 

2.9 

Rhizopus 

13.2 

0-29 

1.4 

Rhodotorula 

11.8 

0-29 

1.5 

Beauvera ~ 

10.3 

0-12 

0.7 

Chaetomium 

8.8 

0-47 

1.2 

Unknown 

8.8 

0-34 

1.2 

Scopulanopsls 

8.8 

0-25 

0.9 

Mucor 

7.4 

0-14 

1.4 

Curvularla 

7,4 

0-12 

1.1 

Rhinocladlella 

4.4 

0-12 

0.5 

Verticillium 

4.4 

0-12 

0.4 

PIenozythla 

4.4 

0-6 

0.3 

PTthomyces 

2.9 

0-25 

0.4 

lygosporlum 

2.9 

0-18 

0.4 

Paecilomyces 

2.9 

0-12 

0.3 

Stachybotrys 

2.9 

0-12 

0.3 

Aspergillus fumigatus 

2.9 

0-5 

O.Z 


and Gallup (1984) 

^Subcultures of nonsporulating mycella from one home (grown on Moyer's 
multiple media) subsequently produced Torula herbarum colonies. 

(Continued) 
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TABLE 8-3. ISOLATION, FRREOUENCY, AND CONCENTRATION OF VIABLE MOLDS 
IDENTIFIED IN A SURVEY OF 68 HOMES IN SOUTHERN CALIFORNIaI 
(Concluded) 


Hold Genera 

Percent of Homes 
In which 
Genera Isolated 

Range of 
Spores/iJK 

Mean of 
Spores/m^ 

Nlqrospora 

2.9 

0-5 

0.1 

Stysanus 

2.9 

0-6 

0.1 

Leotespnaerulina 

l.S 

0-18 

0.3 

Botryosporlum 

1.5 

0-6 

0.1 

Trlchoderma 

l.S 

0-12 

0.2 

Chrysosoortun 

l.S 

0-6 

0.1 

Phoma 

1.5 

0-6 

0.1 

SDoroftolomyces 

1.5 

0-6 

0.1 

Trlchotheclun 

1.5 

0-6 

0.1 

Ulocladluffl 

1.5 

0-5 

0.1 

Yeast 

1.5 

0-5 

O.l 

Geotrichum 

1.5 

0-3 

0.04 


^iCozak and Gallup (1984) 
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8.1.3.2 Environmental Factors Assessment 

TaOles 5-13 and 5-14 describe the relationship of bacterial and 
fungal measurements, respectively, to selected aircraft factors (i.e., 
type of aircraft, air recirculation, air exchange rate, and passenger 
loading factor) for smoking flights. The type Of aircraft (wide or narrow 
body) did not appear to have a dramatic effect on average bacterial or 
fungal a1r concentrations (CFU/m^). The presence of air recirculation 
appeared to slightly increase bacterial and fungal concentrations. 

However, this effect was not significant. Increased air exchange rate 
appeared to lower the average bacterial concentrations, with little effect 
apparent for average fungal concentrations. The passenger load factor 
appeared to increase average bacterial and fungal concentrations when com¬ 
paring <50 percent loading to >90 percent loading. Finally, the tem¬ 
peratures In the cabins of monitored aircraft averaged 75 ’F for both 
smoking and nonsmoking flights and the relative humidity levels were quite 
low, averaging below 25 percent on both smoking and nonsmoking flights. 

The measured humidity levels were somewhat lower on smoking than 
nonsmoking flights. 

The results of this Investigation suggest that airliner cabin alp 
concentrations of bacteria and fungi, and the prevalence of their respec¬ 
tive taxa. are not Indicative of significant potential for illnesses (e.g., 
hypersensitivities) associated wUh some Indoor environments. It is 
recognized that this conclusion 1$ appropriate for "healthy* passengers 
and not necessarily for iirmunocompromised persons. Consistent with 
reconmendatlons made by the National Research Council (1986), if the risk 
of Illness, whether due to an infection or a hypersensitivity disease, ls 
to be reduced, the amount of outside air supplied to each passenger should 
be maximized because of the low levels of contaminants associated with 
this air. Further, if ventilation systems are not operating, passengers 
should not stay aboard the plane for long time periods (i.e., greater than 
30 minutes). Consistent with general indoor hygiene, efforts should be 
made to maintain dry surfaces to prevent struct,.rai contamination. Based 
on this investigation, temperature and relative humidity ranges present on 
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monitored flights were consistent with acceptable levels for discouraging 
the survival and growth of microorganisms. Cargo compartments In aircraft 
should be kept free of animal excrement and arthropods. Pathogenic 
microorganisms should not be transported on aircraft carrying passengers 
(National Research Council, 1986). 


This study does not address the role of viruses as Infectious 
agents in the cabin air environment. The relative Importance of viruses 
as sources of Indoor-related Illnesses (e.g., influenza) can be seasonally 
related (JokUk 1985). Additionally, 1n the case of Influenza viruses, 
the periodicity of epidemics and pandemics Is related to the genetic sta¬ 
bility of the virus and the appearance of a new virus with altered surface 
antigens (Jokllk 1985). The monitoring conducted for this investigation 
occurred during the sprlngysurmer season and not the winter season, which 
Is associated with an increase in virus-related illnesses (Jokllk 1985). 
Monitoring of viruses in aircraft cabins was not undertaken because of 
contractual constraints. To meet the contract schedule, monitoring had to 
be conducted during April through June when seasonal prevalence of viruses 
would have been low. Thus no monitoring for viruses was conducted. 
Nonetheless, viruses are recognized as the predominant etlologlc agent for 
respiratory Infections, estimated to cause 50 to 60 percent of all 
conmunlty-acqulred illnesses (Feeley 1985). 


8.2 COSMIC RAOIATION 

8.2.1 Exposure to Cosmic Radiation 


The major source of radiation exposure to hmans Is natural in 
origin. This Includes external sources such as cosmic radiation and 
terrestrial radiation from radioactive substances In the ground and 
building materials, and Internel sources such as naturally occurring 
radionuclides In the body Inhaled or Ingested from air and diet. Natural 
radiation exposes virtually the world population at a relatively constant 
rata throughout time and Is virtually Independent of human activity. 
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According to the United Nations Scientific Corolttee on the Effects of 
Atomic Radiation (UNSCEAR), the mean annual effective dose equivalent is 
estimated to be Zi4 milllsleverts (mSv) per year or 240 mllllrem (mr) per 
year! (UNSCEAR, 1988). 

for airline passengers and cabin crew members, the major contri¬ 
buting factor to any Increase in the overall radiation dose is cosmic 
radiation, high energy radiation that enters the atmosphere from cosmic 
space originating usually at either the sun or in deep space. Primary 
cosmic rays enter the atmosphere and interact with the nuclei of atoms 
present In the air. resulting In the formation of secondary cosmic rays 
such as neutrons, protons, plons, and kaons, and a variety of reaction 
products (cosmogonic nuclides) such as l^Be, 22^*, ^nd 24^3. 

The high-energy secondary cosmic rays thus formed react further with 
nuclei In the a1r to form additional secondary particles (electrons and 
muons). 


In the lower atmosphere, dose rates from the Ionizing component 
vary little with latitude but significantly with altitude, doubling 
approximately every 1,500 meters (4,S75 feet). Measures of absorbed dose 
rates in air, derived from Ionization chamber measurements on aircraft, 
yield dose rates of 30 nOy/hr (one Gray. Gy, 1s equal to 100 RAO) at sea 
level for any latitude and from there increase to about 4 yGy/hr at an 
altitude of 12 km (39,600 feet) closer to the poles. At sea level, the 
absorbed dose rate In outdoor air from the Ionizing component of cosmic 
rays was reported to be 32 nGy/hr (UNSCEAR 1962), This value was taken 
to be numerically equivalent to the effective dose equivalent. The doses 
are somewhat lower Indoors due to the shielding effect of building struc¬ 
tures. A Shielding factor of 0*8 has been used to yield an average Indoor 
absorbed dose index rate (at sea level) of 26 nGy/hr (UNSCEAR 1988). 

Using a va1ua of 1 for tha quality factor and an indoor occupancy factor 
of 0.8, the annual effective dose equivalent is estimated to be about 240 
uSv per yeer at sea level. 

^1 ml 111 si evert is equal to 100 mllllrem. 
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Variation of the neutron component with altitude and latitude Is 
similar to that of the Ionizing component. At sea level, the neutron flux 
rate is approximately 0.008 an'2s-l. using an estimate of 2.4 nSv/hr for 
the average dose equivalent rate, and neglecting the shielding effect of 
building structures, the annual effective dose equivalent for the neutron 
component Is estimated to be about 20 uSv at sea level (UNSCEAR 1382). 

When the data are transformed to a cumulative effective dose 
equivalent as a function of altitude, a per capita effective dose equiva¬ 
lent for the world population is found to be 355 uSv (not time dependent), 
with the Ionizing component accounting for 300 uSv and the neutron com¬ 
ponent accounting for 55 uSv. This increased dose equivalent estimate Is 
due to the range of altitudes and latitudes in which people live. It Is 
important to note that the dose equivalent from the neutron component, 
which is small at sea level, increases more rapidly than the dose from the 
ionizing component and becomes more Important at altitudes above 8 km 
(19.300 feet). 

Elevated exposures result from prolonged presence at high altitu¬ 
des. Populations living in such high altitude cities as Bogota, Lhasa, or 
Quito receive annual effective dose equivalents from cosmic radiation 
excess of 1 mSv. It follows that cormerclal airliner passengers and cabin 
crew members will be exposed to higher dose rates than the general 
nonflying population. These dose rates will vary according to flight 
altitude, flight latitude, and the amount of solar activity. 

With decreasing altitude from the top of the atmosphere, the dose 
equivalent rate front galactic radiation first Increases, then decreases. 

The Increase Is a consequence of the multiplicity and characteristics of 
the secondary particles produced after collision of high energy cosmic 
particles with the atomic nuclei of gases In the atmosphere. Many of the 
impacting and generated particles maintain enough energy to form addi¬ 
tional secondary particles. The altitude at which the dose equivalent 
rate is maxiimn depends on the geomagnetic latitude. With decreasing 
altitude below 21.2 km (70.000 feet) at all latitudes, continued energy 
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degradation and cannibalization of particles results In a decreasing dose 
equivalent rate. In the contiguous united States, the dose equivalent 
rate at 12.1 km (40,000 feet) Is about 40 percent of the rate at 21.2 km 
(70,000 feet) (Federal Aviation Administration 1989). 

The geomagnetic field of the earth deflects many charged par¬ 
ticles of solar and galactic origin that would otherwise enter the 
atmosphere. Shielding is most effective at the geomagnetic equator, where 
the geomagnetic lines of force are nearly perpendicular to the surface of 
the earth. At airliner cruise altitudes, the cosmic radiation dose 
equivalent rate over the geomagnetic poles is approximately twice that 
over the geomagnetic equator. Host high-aititude flights of U.S. cotmer- 
cla1 aircraft occur with scheduled flights between the United States and 
Europe or Asia (Federal Aviation Administration 1989). 

The cycle of rise and decline In the Intensity of the cosmic 
radiation incident on the atmosphere lasts approximately 11 years, with 
the intensity Inversely related to solar activity. Charged particles are 
continuously ejected from the sun but are-general1y too low to contribute 
to the radiation level at airliner flight altitudes. On Infrequent occa¬ 
sions, the energy levels and quantities of ejected solar particles are 
high enough to substantially Increase the dose equivalent rate at typical 
cruise altitudes. During the period from 1956 to 1972. there were four 
solar particle events during which the dose equivalent rate on polar 
routes at 12.4 km (41,000 feet) probably exceeded 100 mSv/hr (Federal 
Aviation Administration 1989) 

Dost equivalents for flights typical of continental U.S. latitu¬ 
des and circumpolar transoceanic routes are presented in Table 8-4. Since 
total radiation dose is the simple sun of individual exposures, this table 
enables any Individual to ascertain cunulatlvc radiation dose by adding 
appropriate flights (as actually listed or as representatives of similar 
flights) according to their specific frequencies of occurrence. The 
sunned value respresants tha rtiavant individual exposure in the deter* 
fflinatlon of risk, as dcscribtd In Sactlon 8.2.3, 
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table 8-4. OOS€ EQUIVALENTS PRCM GALACTIC COSMIC WOIATIOM RECEIVED OM AIRLINES FlICWTS 




Slngla Nonstop Ona-uay Flight 

origin - Oasttnatlon 

Highait Altltuda 
KM (faat, 

thousands) 

Air Tlaa Block Tlaa^ Oosa^ 

(In hrs) (In ftrs) (In alcroslavarts) 


Houston - Austin 

8.1 

(20} 

Q.S 

0.6 

0.1 

Saattia - Portland 

6.4 

(21) 

0.4 

0.6 

0.1 

Mlani ' Taapa 

7.3 

(24) 

0.6 

0.9 

0.4 

St. Louis - Tulsa 

10.7 

(35) 

0.9 

I.l 

2.0 

Tajipa - St. Louis 

9.4 

(31) 

2-0 

2.2 

5.4 

San Juan, PR • Mlaal 

10.7 

(35) 

2.2 

2.5 

7.2 

Naw Orlaans - San Antonie 

U.9 

(39) 

1.2 

1.4 

4.3 

Oanvar - MlnnaapoHs 

10.1 

(33) 

1.2 

1.5 

4.7 

Naa fork - San Juan. PR 

U.3 

(37) 

3.0 

3.5 

13.0 

Los Angalas - Honolulu 

10.7 

(35) 

S.2 

5.6 

22.0 

Chicago • Now York 

U.3 

(37) 

1.6 

2.0 

8.5 

Honolulu - Los Angalas 

12.2 

(40) 

5.1 

9.8 

25.0 

Washington, X - Los Angalas 

10.7 

(35) 

4.7 

5.0 

24.0 

Tokyo, Japan - Los Angalas 

U.3 

(37) 

3.8 

9.2 

46.0 

LOS Angalas • Tokyo, Japan 

12.2 

(40) 

U.7 

12.0 

62.0 

NfM York - Chicago 

11.9 

(39) 

1.8 

2.3 

12.0 

MlnnaapoHs - Naw York 

U.3 

(37) 

i.a 

2.1 

11.0 

London - Oa)1as/Ft. Worth 

11.9 

(39) 

9.7 

10.1 

53.0 

Dallas/Ft. Worth - London 

U.3 

(37) 

8.5 

a.s 

49.0 

Saattia - Anchoraga 

10.7 

(35) 

3.4 

3.7 

21.0 

Lisbon - Raw York 

U.9 

(39) 

6.5 

6.9 

41.0 

Chicago • S«n Francisco 

11.9 

(39) 

3.8 

4.1 

26.0 

Saattia • Washington, K 

11.1 

(3?) 

4.1 

4.4 

29.0 

London - Raw York 

11.3 

(37) 

6.8 

7.3 

49.0 

Km York • SMttU 

U.9 

(39) 

4.9 

5.3 

36.0 

San Francisco - Chicago 

12.S 

(41) 

3.8 

4.1 

29.0 

Tokyo - Rm York 

12.S 

(41) 

12.2 

12.6 

91,0 

London • Let Angalas 

U.9 

(39) 

10.5 

11.0 

80.0 

Chicago - London 

11.3 

(37) 

7.3 

7.7 

s«.o 

RM York - Tokyo, Japan 

13.1 

(43) 

13.0 

13.4 

99.0 

London . Chicago 

11.9 

(39) 

7.8 

8.3 

62.0 

Athans, Qraaco - Rm York 

12.5 

(41) 

9.4 

9.7 

93.0 


^Ttw block heuri of ■ flight b«gln whan tha aircraft laavaa tha blocks bafora takaoff and and 
«han It raachat tba blocks aftar landing. 

^For aaen flight, astlMtas of dosa-aqulvolant «aro aoda using ona flight plan, taking Into 
account changas In altltuda and gaoaagnatlc latituda froa Ukaoff to toucMoan. 
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8.2.2 HealtH Effecti from Eiposure to Cosmic Radiation 

There are two types of effects from exposure to radiation: 
nonstochastic and stochastic. Nonstochaitle effects are those for which 
the probability and severity of the effect vary with dose and a threshold 
for the effect exists. Exa/nples of nonstochastic effects include pan¬ 
cytopenia following Irradiation of bone marrow, and pneunonitls and pulmo¬ 
nary fibrosis following irradiation of the lung. Stochastic effects are 
those for which the probability of the occurrence of effect, and not Its 
severity, varies as a function of dost in the absence of a threshold. The 
major stochastic effects are heritable genetic effects and cancer. 

Early to intermediate effects of exposure to radiation can be 
taken to include the somatic effects of exposure to irradiation, excluding 
carcinogenesis and shortening of life span which are late somatic effects. 
Genetic effects of irradiation include gene mutation and chromosome 
aberrations. 

Tuners caused by radiation are indistinguishable from tumrs 
caused by other sources (e.g,, chemicals), and health effects other than 
cancer ere also very similar to those occurring spontaneously or induced 
by exposure to other agents. The health effects of radiation are often -f 
augmented by other factors that tend to increase overall risk; these 
Include tobacco smoking and dietary factors (UN5CEAR 19B8). 

8.2.3 Quantitative Estimation of Risk 

Risk was determined for cancer, fetal retardation, and birth 
defects using an algebraic combination of the exposure assessment and 
dose-response risk coefficients. Radiation risk coefficients used in this 
investigation were based on UNSCEAR dose-response relationships and 
modeling protocols (UNSCEAR 1986; 1988). The Fourth Report of the 
Conmltte# on Biologic Effects of Ionizing Radiation, National Research 
Council (BIER IV for cosmic radiation) was not complete it the time enly- 
ses were conducted. 

Risk coefficients for cosmic redletlon exposure In utero leading 
to birth defects, mental retardation, and childhood cancer, ts presented 
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in Table 8-5, were derived from epidemiological studies of children 
exposed In utero during the bombing of Hlroshlina and Nagasaki. The risk 
coefficient for childhood cancer was assumed to be constant during prena¬ 
tal development, although there Is evidence suggesting that risk Is higher 
in the first trimester (UNSCEAR 1986). 

Risk coefficients for adult cancer (solid tumors and leukemia) 
were derived from epidemiological studies of atom bomb survivors, patients 
with ankylosing spondylitis (spinal arthritis), and patients with cervical 
cancer. Estimates were computed using an assumed exposure of 1 Gy and 
linear dose-response relationship for solid tumors. Additive and 
multiplicative projection extrapolation models were used to determine 
risks. Minimum latency for leukemia was set at 2 years and for all other 
sites at 10 years. The plateau was 40 years for leukemia and lifetime for 
all other sites. Cancer mortalities in Japan and the United Kingdom were 
used as baseline mortality rates. The risk coefficients assumed a quality 
factor of 1. This value is the sum of the relative risk for leukemia and 
the relative risk for other malignancies (UNSCEAR 1988). 

Dose-response plots presented in Figures 8-1, 8-2. and 8-3 for 
adult cancer, childhood cancer, and fetal retardation and birth defects, 
respectively, were constructed using the risk coefficients contained In 
Table 8-5. The procedure for determining risk can be Illustrated using 
the same three example flying profiles presented in Section 7.0 of this 
report to illustrate cancer risks from exposure to ETS. The parameters of 
these examples are suniwrized in Table 7-7. For purposes of Illustration, 
an additional assixnptlon is made here that half of the total flying time 
indicated for the Individuals In the three examples Is between liew York 
and Seattle (representing a constant latitude In the continental U.S.) and 
the other half is between New York and Tokyo (representing a circumpolar 
flight at high altitude). Additional flights, and their associated cumu¬ 
lative doses and cancer risks, are presented in Tables 8-6 and 8-7 for 
domestic and International flights, respectively. In each case, flights 
of varying duration, latitude, and direction wepf chosen as examples. It 
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TABLE 8-5. RISK COEFFICIENTS FOR A RANGE OF HEALTH EFFECTS ASSOCIATED 
WITH EXPOSURE TO COSMIC RADIATION 


Health Effect 

Risk Coefficient 

Period of Vulnerability 

Fetal structural 
abnormalUlea 

500/t mllllon/mSv 

Weeks 

2-8 of pregnancy 

Mental retardation 

1n fetus 

400/1 flillllon/mSv 
100/1 minion/mSv 

Weeks 

Weeks 

8-15 of pregnancy 
16-26 Of pregnancy 

Childhood cancer 

20/1 minion/fflSv 

Full term of pregnancy 

Adult cancer (leukemia 
and solid tiinors) 

4.15/1 mllHon/mSv 
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FIGURE 8-1. ADULT CANCER RISK (LEUKENIA AND SOLID TUMORS) 
FROM EXPOSURE TO COSMIC RADIATION. ONE 
MILLISIEVERT • 100 NILLIREM 
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L^ETiME CANCER RISK 
(DEATHS PER 100,000) 



FIGURE 8-2. CANCER RISK PER 100,000 CHILDREN DPOSED IN 
UTERO TO COSMIC RADIATION. ONE MILLISIEYERT 
- 100 HILLIREM 
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DOSE (MILLISIEVERTS) 


FIGURE 8-3, RISK OF MENTAL RHARDATION (HR) AND 

BIRTH DEFECTS (BO) IN THE FETUS EXPOSED 
IN UTERO TO COSMIC RADIATION 
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TABLE 6-6. 


CUMULATIVE DOSES (20 VEABS) FOR CAflIM CREW 
DOMESTIC FLIGHTS 


MEMBERS AND PASSENGERS 


ON REPRESENTATIVE 


09 

I 

to 

ov 


CABIN CREW MEMBERS 


Represent!Live 
Flight 

Flight Xim 
(Hours) 

Dose 

(mSv) 

Cunulatlve Dose 
Over 20 Years 
Flying 960 h/yr 
(mSv) 

Cancer 
Risk 
(deaths 
per 100,000) 

Cumulative Dose 
Over 20 Years 
Flying 460 h/yr 
(i»5v) 

Cancer 
Risk 
(deaths 
per 100.000) 

Oonestic (east/west) 
New York to Seattle 

4.9^ 

36.0 

141.1 

59 

70.5 

29 

OoMStU (cast/wcst) 

San Francisco to Chicago 3.8^ 

29.0 

146.5 

61 

73.3 

30 

DoMStic (north/south) 
Scattia to Anchorage 

3.42^ 

21.0 

118.6 

49 

59.3 

25 

Domestic (north/south) 
Tampa to St. Louis 

2.o3 

5.4 

51.6 

21 

25.9 

11 

Domestic (east/west) 
Chicago to New York 

1.6* 

6.5 

102.0 

42 

51.0 

21 

Domestic (north/south) 
Denver to Ninneapolls 

t.2* 

4.7 

75.2 

31 

37.6 

16 

Domestic (east/west) 

St. Louis to Tulsa 

0.95 

2.0 

42.7 

16 

21.3 

9 

Domestic (north/south) 
Niamt to Tampa 

0.6^ 

0.4 

12.8 

5 

6.4 

3 


loomestlc flights of 4 hours duration or more account for 5.3t of 
^Domestic flights of 3 to 4 hours In duration account for 7.2% of 
^Oonwstlc flights of 2 to 3 hours In duration account for 21.3% of 
^Domestic flights of 1 to 2 hours In duration account for 40.7% of 
^Domestic flights of 0 to I hour In duration account for 17.6X or 


all domestic flights, 
an domestic flights, 
all domestic flights, 
all domestic flights, 
all domestic flights. 
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TABLE 8-7. 


INTEfiNATlONAL^FUeHTS^^^^^ ******* MEMBERS AND PASSENGERS ON REPRESENTATIVE 


CABIN CREW MEMBERS PASSENGERS 


Representative 

flight 

night Time 
(Hours) 

Dose 

(pSw) 

Cunulatlve Dose Cancer 
Over 10 Years Risk 

Flying 960 h/yr (deaths 

(mSv) per 100,000) 

Cumulative Dose 
Over 10 Years 
Flying 480 h/yr 
(mSv) 

Cancer 
Risk 
(deaths 
per 100,000) 

International Clrcuwpolar 

Hm Yoric to Tokyo, Japan 

n.fli 

99.0 

73.1 

30 

36.6 

15 

International Mon-ctrcu^oUr 
Oallas/Fort Worth t« London 

8 .b2 

49.0 

55.3 

23 

27.7 

11 

International Mon-clrcu«polar 
London to New York 

6.83 

49.0 

69.2 

29 

34.6 

14 

international Mon-circwpolar 
New York to San Juan. PR 

3.0^ 

13.0 

41,6 

17 

20.8 

9 

International Non-cIrcuMpolar 
San Juan, PR to Nia«1 

2 .2* 

7.2 

31.4 

13 

15.7 

7 


llnteriatioMl 

3|nun»tt«iiit 

^InteriutloMt 


flights of 10 hours duration or Mre account for 6.5< of all International flights 
flights of B to 10 hours In duration account for H.7* of all International flights 
flights of 6 to 8 hours In duration account for M.4X of all International flights 
flights of 2 to 4 hours In duration account for 34.6t of all international nights* 
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should be noted that the cancer risks for cosmic radiation and ETS are 
additive. 


Examole 1. The individual Is a cadln crewmember who flies 960 
hours per year for 20 years. Assuming that 10 years are spent 
flying from New York to Seattle (dose equivalent of 36 uSv for 
5.3 hours from Table 8-4), the dose equivalent for this segment 
is 65 mSv. Assuming that the next 10 years are spent flying from 
New York to Tokyo (dose equivalent of 99 uSv for 13.4 hours from 
Table 6-4). the dose equivalent for this period Is 71 mSv. The 
total dose equivalent for 20 years of flying Is 136 mSv 
(65 ♦ 71). Referring to Figure 8-1 for adult cancer risk, a 
lifetime exposure of 136 mSv in flight results in a lifetime 
cancer risk of 56 cancer deaths per 100,000 or a risk of 1 ln 
1.786. 


Example 2. This individual 1s a frequent flyer who logs 480 
hours per year for 30 years. Assuming that the first 15 years 
are spent flying from New York to Seattle, the dose equivalent 
for this period ls 49 tnSv. Similarly, the dose equivalent for 15 
years of flying from New York to Tokyo Is S3 mSv. The combined 
dose equivalent for 30 years of flying Is 102 mSv. From Figure 
8-1, the risk Is 42 cancer deaths per 100,000 or a risk of 1 in 
2,381. 


Example 3 . This Individual files 48 hours/year for 40 years. 

For the first 20 years, flights between New York and Seattle 
result In a dose equivalent of 6.5 mSv. For the next 20 years, 
flights between New York and Tokyo result in a dose equivalent of 
7.1 fflSv. With a lifetime dose of 13.6 mSv acquired in flight, 
the risk 1s 6 cancer deaths per 100,000 or a risk of 1 In 16,667. 

Risks for childhood cancer, fetal retardation, and birth defects 
can be determined 1n a similar fashion, using the risk coefficients In 
Table 8-S. For a single transcontinental flight such as Washington to Los 
Angeles, the dose equivalent is 24 uSv. The risks for any of the 
childhood health effects are very small (less than i per 100,000} 
according to Figures 8-2 and 8-3. Fol* even a high exposure flight such as 
New York to Tokyo with a dost equivalent of 99 uSv, the risks are still 
small (less than 2 per 100,000). 

8.3 OZONE 

Ozone levels In airliner cabins were measured on domestic and 
International flights to determine compliance with current federal stan- 
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dards and to ascertain if observed concentrations post a health haaard to 
cabin crew members and passengers. 

8.3.1 The FAA Standard for Ozone In Airliner Cabins and Its Basis 

In 1960, the Federal Aviation Administration (FAA) promulgated an 
ozone standard for aircraft cabins that included transport category 
airplanes of corrtnerelal air carriers (Federal Register 1980). The stan¬ 
dard was prompted by research of the FAA Civil Aeromedleal Institute 
(Federal Aviation Administration 1979, 1980) that demonstrated no signi¬ 
ficant health effects attributable to ozone at a sea level equivalent of 
0.2 ppm for 4 hours, but which did demonstrate respiratory effects in 
exercising individuals at a sea level equivalent of 0.3 ppm. This 
suggested a threshold for effect between 0.2 and 0.3 ppm. At a cabin 
pressure altitude of 1.8 km (6,000 ft), where there Is less air for a 
given volume, 0.3 ppm equates to a sea level equivalent of 0.25 ppm. 
Accordingly, the FAA established an Instantaneous standard of 0.2S ppm 
(sea level equivalent) and a time-weighted three-hour standard of 0.1 ppm 
(sea level equivalent).^ 

Other regulatory agencies have established similar standards. 

The Occupational Safety and Health Administration's Threshold Limit Value 
{TLV)2 for the workplace environment Is 0.1 ppm. The Environmental 
Protection Agency's one-hour ambient air standard remains at 0.12 ppm, 
although recent research on hianans under conditions of controlled exposure 
has suggested the possibility of respiratory effects (l.o., lung infec- 
tlvUy) at ozone levels as low as 0.08 ppm (see below). In addition, 
there is scientific and regulatory debate over the need for an 8-hour 
ambient air standard lower than 0.12 ppm. The FAA’s standard of 0.1 ppm 
appears to be in the protective range. 


^ While the actual time-weighted average was 0.08 ppm, the FAA wished to 
have Its standard In harmony with OSHA's standard of 0.1 ppm. 


2 A TLV Is the time-weighted average concentration for a normal 8-hour 
workday and a 40-hour workweek, to which workers may be exposed, day 
after day, without adverse health effect. 
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8.3.2 HeaTth Effects of Ozone 

Extensive investlsetions of ambient air ozone In humans and 
experimental animals have been described in several definitive scientific 
reviews {National Research Council 1977; U.S. Environmental Protection 
Agency 1986; Llppmann 1989). The health effects are briefly summarized 
below. 


Ozone In the ambient air. In sufficiently high concentrations, 
irritates the upper respiratory tract, causes measurable degradation of 
pulmonary function, enhances lung Infectivlty, and causes alterations 1n 
blood biochemistry related to immune response. Host of the reported 
effects were observed after administration of doses considerably higher 
than those to which humans are routinely exposed. Under these conditions, 
morphological effects of ozone on the respiratory tract Include damage to 
ciliated cells, prolIferatlon of bronchlolar cells, cellular Infla/imatlon, 
and thickening of pulmonary arteriolar walls. Short-tarm exposure to 
ozone affects pulmonary function by increasing the breathing frequency, 
various physiological measures of breathing volune, airway resistance, and 
airway reactivity. Tidal volume, lung compliance, and diffusion capacity 
are decreased. Long-term exposure to ozone causes Increased lung voliane 
and alfvay resistance, and decreased lung compliance, respiratory flow, 
and lung function indicators (e.g., FEVi). Biochemically, ozone causes 
Increases in metabolic enzymes in lung and blood, permeability changes in 
the lung, and increased oxygen consurptlon. finally, ozone affects host 
defense mechanisms by delaying mucociliary clearance, accelerating 
alveolar clearance, inhibiting bacterial activity, altering lung macropha¬ 
ges causing a decrease in function, eltering the ntjnber of defense cells, 
increasing susceptibility to bacterial Infection, and altering immune 
activity. 


Currently et issue Is whether exposure to low levels of ozone 
menifests eny of these effects. Recent work was conducted by Horstman ct 
a1. (1989). who exposad hmans to 0.08 ppm in six SO-mlnute cycles during 
exercise representative of a day of moderate or heavy work* At this 
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level, often found In ambient air, clInlcaHy meaningful alterations In 
lung function were observed. The Clean Air Scientific Advisory Board of 
the EPA is divided on the implications of these findings for regulation. 
Nevertheless, this and other recent research is leading to a reexamination 
of the bases for current regulatory standards and the durations of expo¬ 
sure prescribed in those standards. One of the more prominent Issues Is 
the need for an 8-hour ambient air standard for ozone. Such recon¬ 
siderations are applicable to the airliner cabin environment, particularly 
for cabin crew members engaged In the equivalent of moderate exercise at 
altitude for extended periods of time. 

■ 8.3.3 Comparison of Ozone Levels Measured In Airliner Cabins with Existing 
Standards ^ 

A sumnary of ozone levels measured on all flights In this 
Investigation was presented in Table 4-26. Average concentrations, 
obtained by integrated sampling, were O.OlO ppm on smoking flights and 
0.022 ppm on nonsmoking flights; the maximum concentrations measured among 
all flights sampled was 0.078 ppm. Concentrations appeared to be uni¬ 
formly distributed throughout the cabin, precluding the need to consider 
weighted exposures of cabin crew members and passengers by cabin section. 
All values were consistently below flight, occupational, and environmental 
standards established by the Federal government, as indicated in Section 
8.3.2. This and current scientific knowledge lead to the conclusion that 
ozone does not pose a health hazard to cabin crew members or passengers. 
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Section 9,0 
NITIGATION 

As Identified through the risk assessment given In preceding sec 
tions, the pollutants that pose the highest risks of mortality and mor¬ 
bidity to airliner flight attendants and passengers are £TS contaminants 
and cosmic radiation. The measurement results also indicated that carbon 
dioxide levels on flights monitored during this study were frequently 
above the level thought to satisfy comfort criteria. A general framework 
for Identifying and assessing alternative mitigation strategies for these 
pollutants is presented in Section 9.1. Application of this framework to 
strategies for reducing ETS levels in aircraft Is described in 
Section 9.2, and application of the framework to other pollutants (cosmic 
radiation and carbon dioxide) is described In Section 9.3. 

9.1 GgNERAL FRAMEWORK FOR ASSESSING HITIGATIOK OPTIONS 

A general framework for evaluating alternative mitigation stra¬ 
tegies for a contaminant in an airliner cabin is depicted in Figure 9-1. 
The first step In this process Is to Identify candidate mitigation strate¬ 
gies. Such strategies could Include potential technological or procedural 
solutions to apparent problems; the technological solutions generally 
involve some type of change in aircraft design or equipment, whereas proce 
dural solutions Involve changes 1n the activities of people aboard the 
aircraft. Although It may be possible to Identify many types of candidate 
strategies, only a limited number will be feasible from technological or 
procedural standpoints. As a simple example, addition of lead shielding 
could be contemplated to reduce cosmic radiation exposure, but such a 
procedure would be technologically Impractical because of the resultant 
Increase In aircraft mass. Some qualitative Judgments obviously are 
required In this feasibility assessment process. 

In the second step of the overall framework, strategies that sur¬ 
vive the feasibility assessment are subjected to a more quantitative pro¬ 
cess of modeling and estimation. In performing this evaluation. It must 
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be recognized that certain options will have practical upper limits (e.g., 
extent to which ventilation rates or filter efficiencies can be 
increased). Some aspects of cost estimation will require detailed pricing 
or econometric models that cannot be developed within the scope of this 
effort. In addition to the t>pes of costs (e.g., fuel penalties, new 
equipment) that can be addressed quantitatively, practical considerations 
such as anticipated acceptabi1Ity by airline management, flight crews, or 
passengers need to be addressed qualitatively. The cost and practical 
aspects are Juxtaposed with the estimated benefits of each strategy. 
Benefits accrue from presumed decreases In contaminant concentrations and 
associated health or discomfort risks. The contaminant concentrations 
expected to prevail when a specific strategy 1s applied are estimated 
through cabin air quality model1ng, discussed later. The risk reduction 
associated with reduced concentrations Is estimated through the framework 
used to assess risks for currently prevailing concentrations (see Section 
6.0). The benefits of reduced risk can be placed In monetary terms using 
estimates of an Individual's willingness to pay for reduced mortality or 
morbidity. Such estimates, which are discussed In more detail later, can 
be taken from other studies. 

The third step of the overall framework Is to determine the stra¬ 
tegy or strategies of choice. Generally speaking, the optimal strategy 
would be the one with the highest net benefit (I.e., benefit minus cost), 
given cost and distributional constraints. However, If two candidate 
strategies have similar estimates for risk reduction, then a cost- 
effectiveness analysis can be performed, with a focus on the costs and 
practical aspacts of each alternative. 

9.2 APPLICATION OF FRAMEWORK TO ETS C0NTA>11HANTS 

The framework described above is first applied to ETS con¬ 
taminants, Alternative mitigation options that art considered, and the 
subset retained for further analysis, are discussed In Section 9.2.1. 
Modeling efforts and estimated costs and benefits for each strategy are 
described In Section 9.2.Z. Discussion of the relative costs and bene¬ 
fits of the alternative strategies 1$ provided in Section 9.2.3. 
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9.2.1 t(je^t^f1c^t^0fl of Options 

Eight candidate options for reducing the exposure of flight 
attendants or passengers are identified ln Table 9-1. Half the options 
require a technological approach and the other half require a procedural 
approach. The options are also classified according to three general types 
of strategies for mitigating potential exposures: 

(1) Preventing or minimizing the emission of ETS contaminants 
from cigarettes (I.e., emissions reduction) 

(2) fiemoving the ETS contaminants from the cabin environment 

after they have been introduced contaminant removal) 

(3) Reducing the exposure of cabin occupants to ETS contaminants 
that have been introduced (i.e,. exposure management). 

Although some of these options could obviously be used in combination 
wUh others, the general feasibility of each option has been assessed 
separately, as discussed below. 

For the strategy involving emissions reduction, an obvious option 
Is an outright ban of smoking on all flights. This procedural option 
would be quite feasible to implement and. in fact, has been implemented in 
partial form on domestic flights (i.e., smoking not allowed for flights of 
two hours duration or less under Public Law lDO-202)^. Consideration would 
need to be given to possibilities such as smokers experiencing withdrawal 
symptoms, becoming unruly, or attempting to smoke In the lavatory, thereby 
creating additional hazards for other passengers. 

A different type of procedural option would involve curtailment 
of smoking by restricting the periods when it is allowed. For example, 
smoking could be allowed for a period of 10 minutes after every two hours 
of flight time, consistent with the earlier ban for flights shorter than 


^All of the work described In the report preceded passage of PLlOl-164, 
which will ban smoking on all domestic commercial flights under six hours 
In duration. 
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TABLE 9-1. MAJOR OPTIONS CONSIDERED FOR MITIGATION 
OF ETS CONTAMINANTS 


Approach Required 

General Strategy Technological Procedural 


1. Reduction of emissions 

- ban on smoAIng (total or partial) 

- curtailment of smoking period 

2. Contaminant removal/confinement 

- increased ventilation 

• local exhaust (smoking section) 

- smoking lounge 

- f1Ttration/sorption 

3. Exposure management 

- separate smoklng/nonsmoking flights 

- stationing of flight attendants 


X 

X 

X 

X 


X 

X 
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two hours. In this case, consideration would need to be given to the 
possibility of substantially elevated ET5 levels during the sntoking 
period, since most smokers would probably smoke during this time. 

The next set of options to be evaluated involves the notion of 
removal of ETS contaminants, rather than reduction of emissions. The rate 
of removal could be increased, for example, by increasing the amount of 
fresh-air intake to the airliner cabin. The extent to which fresh air 
could be added has a practical upper limit, however, related to the need 
to maintain a prescribed cabin pressure. An added benefit of this 
approach would be reduction of levels of some other pollutants (e.g., car¬ 
bon dioxide) having sources within the cabin environment. Potential 
disadvantages could include the added fuel penalty associated with 
increased fresh-air intake, the need for Increased thermal treatment of 
incoming air, potential increases in ozone levels, and potential decreases 
In relative humidity levels. The extent of contaminant removal due to 
increased ventilation can be modeled, and the associated fuel penalty can 
be estimated. Because both the strategy and the modeling of consequences 
are feasible, this option can be subjected to a quantitative assessment. 

Local exhaust can be thought of as a special case of Increased 
ventilation. This strategy would be most effective 1f combined with the 
concept of a smoking lounge, discussed below. Under the current con¬ 
figuration of smoking and no-smoking sections, the notion of local exhaust 
would essentially be tantamount to increasing the fresh-air supply to the 
smoking section only. Although there are some uncertainties related to 
technological feasibility and costs, the strategy 1s feasible and Its 
potential consequences can ba modaiad. 

Anothar special cast of Increased ventilation would involve the 
creation of a smoking lounge, which would also serve to confine ETS 
emissions. In a simplified form, this option would involve creating 
smoking sections of fixed size with physical barriers (e.g., walls/door Of 
curtains) separating such compartments from nonsmoking sections. This 
option, while technologically feasible, would be inefficient (1) because 
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of t^e need to create smoking/nonsmoking sections of fixed size, as 
opposed to the concept of a •sliding* boundary that is currently used to 
accommodate varying nutnbers of nonsmokers on smoking flights, and (2) 
because U would do little to reduce the risks of flight attendants 
assigned to or passing through the smoking section (as shown In Section 
7.0, risks related to ETS exposures are estimated to be highest for flight 
attendants). 

A truer version of the smoking-lounge concept would be construc¬ 
tion of an actual lounge on one side of the plane toward the rear. This 
lounge could be ’visited* by smokers wishing to smoke, much 1n the same 
sense as lavatories are currently visited by cabin occupants. The size of 
the lounge {and maxtmun occupancy) would obviously need to be limited, and 
emissions could be effectively confined by providing an Independent 
exhaust system for the lounge. Flight attendants would not need to enter 
Che lounge, thereby minimizing their exposures. Some challenges In design 
and financing of the lounge, however, would be Hkely. Some of the costs 
could be recovered by charging a per-vlslt fee for the lounge. However, 
this approach would add some administrative burden, and the extent of 
costs recovered (both the cost of building the lounge and the cost of 
reduced seating capacity) would be somewhat difficult to predict. Thus, 
while potentially attractive, concepts for emissions confinement should be 
dismissed at this time as impractical to Implement. 

A third type of contaminant-removal option Involves Improved 
filtration of parti cli-phasa ETS constituents or sorption of gas-phase 
constituents. Such an option obviously would be viable only for aircraft 
with recirculation capabUItlas, but the percent of aircraft with recir¬ 
culation Is expected to steadily increase In the future. Most aircraft 
with recirculation an currantly equipped with some type of filter In the 
recirculation loop, and the efficiency of these filters can presimably be 
Improved. Some potential drawbacks of filtration are (1) that filtra¬ 
tion of only partlela-phasa constituents would net remove the gas-phase' 
constituents that can causa odor and irritation, and (2) some gas-phase 
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constituents, following refiwval by sorption, could conceivably volatilize 
and subseguently cause odor/lrr1tatlor proOlcnts throughout the aircraft. 
Although some uncertainties are involved, modeling can be performed with 
assumptions Involving efficiencies of currently Installed filters and the 
extent of improvement that may be technologically feasible. Like the 
option of Increased fresh-air intake, filtration may also achieve some 
reduction of pollutants other than ETS contaminants. 

The last set of options Involves the notion of exposure manage¬ 
ment rather than emissions reduction or contaminant removal. An extreme 
example would be to have separate smoking and no-smoking flights. 

Although such an approach would reduce exposures for nonsmoking 
passengers, It would not necessarily reduce flight attendants' overall 
exposures. The model required to assess the economic consequences of 
separate smoking and nonsmoking flights would be difficult to construct 
and would involve a number of assumptions. Even without such a model, It 
seems unlikely that such an approach would be economically viable. Thus, 
It should be dismissed at this time as impractical and having questionable 
benefits that cannot easily be modeled. 

Another approach to exposure management would involve rotating 
flight attendants so that each is assigned to the smoking section only for 
some fraction of flights. This approach, however, would merely redistri¬ 
bute risk; the aggregate risk for flight attendants would not be reduced, 
and risks for nonsmoking passengers would be unaffected. Thus, the stra¬ 
tegy would have no apparent benefits. A variation of this theme would 
involve recognition rather than reduction of risk. For example, flight 
attendants stationed In the smoking section could be offered 'hatardous 
duty pay." The costs of Increased risk could be estimated, translated 
into salary differentials, and the costs recovered through differential 
pricing for smoking and no-smoking seats. Such an approach, however, 
could affect passenger behavior (e.g., more smoking passengers opting for 
no-smoking seats, which would reduce ETS levels and associated risks for 
attendants), thereby adding a layer of assumptions and uncertainties to 
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the assessjnent. Like the ether options for exposure inanagement, no bene¬ 
fits would accrue to nonsmoking passengers (unless ETS levels would 
actually decrease through this approach). Thus, approaches Involving 
exposure management can be dismissed as having very limited benefits and 
posing some difficulties In econometric modeling needed to help determine 
the extent of any potential benefits. 

Based on the above discussion, the following candidate approaches 
to ETS mitigation have been retained for further, quantitative analysis: 

• Ban on smoking (total or partial) 

• Curtailment of smoking period 

• Increased intake of fresh air (including special case 
targeted at smoking section) 

• Flltratlon/sorptlon of ETS contaminants. 

9.2.2 Modeling of Cabin Air Quality 

Model Description . A1r quality modeling was performed to assess 
the potential Impacts of alternative mitigation strategies on ETS con¬ 
centrations In cabin environments. The focus of the modeling effort was 
on RSP, which was used as the ETS tracer in performing the risk assessment 
for chronic effects due to ETS exposure. A two-chamber model, depicted in 
Figure 9-2, was developed; this model, similar in concept to that 
described by Ryan et. a1 (1988). treats the smoking and no-smoking sec¬ 
tions as separate compartnwnts with communicating airflows. The model 
also allows contaminant emission rates to be specified for each compart¬ 
ment and Incorporates supply airflow rates from fresh (makeup) air and 
recirculated air (whare applicable) as well as return airflow from each 
compartment that is exhausted from the aircraft or recirculated. 

The model can actually be thought of as a three-chamber model, 
with the supply airstream representing the third chamber. Under steady- 
state conditions (appropriate for predicting average concentrations 
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Cj 



Co 


Legend 

C Indicates contaminant concentrations (mg/m^) 

5 Indicates emission rate (mg/h) 

F indicates interchamber flow rate (tn^/h) 

L Indicates leakage rate (BH/h) 

RA Indicates return-air flow rate (mJ/h) 

e Indicates filter efficiency (dimensionless fraction, 0 s e s 1) 
E Indicates exhaust flow rate (nH/hl 
HA Indicates makeup-air flow rate (m^/h) 

SA Indicates supply-air flow rate (mJ/h) 

Subscripts 0, s. I and 2 refer to outdoors, supply airstream, 
chamber 1, and chamber Z 


FIGURE 9-2. SCHEMATIC OF TWO-CHAMBER MODEL FOR CABIN AIR QUALITY 
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related to chronic health effects), the contaminant mass balance for each 
chamber Is as follows (the terms used below are defined In Figure 9-2): 

Cj • SA . Co • HA + (1 - e) • (Cj RAi + ftA 2 )/(RAi RA 2 ) • (RA] RA 2 -E) 
Cs • SAj + C 2 • F 21 + Si - Cl (Li + RAi + F 12 ) 

Cj • SA 2 + Cl • Fi2 + S2 • C 2 (L2 + RA2 + Fji) 

The above mass-balance description yields a system of three equations and 
three unknowns (Cj, Ci, and C 2 ) which can be obtained by solving the 
equations simultaneously. In solving the equations, fresh-alr supply 
rates and Interchamber airflow rates were based on PFT measurements. 

Leakage rates were assumed to equal zero because no quantitative guidance 
was available for specifying these rates; thus, any leakage Is captured In 
the term for exhaust flow rate, equal to the fresh-alr Intake rate by 
assumption. The return airflow rate incorporates recirculation airflow 
rates based on aircraft specifications (Lorengo and Porter, 1985). A 
filter efficiency of 90 percent for RSP removal was assumed for baseline 
modeling, based on Information reported by Lorengo and Porter (1985). An 
emission factor of 26 mg/cigarette (NRC, 1986) was combined with tech¬ 
nician observations of smoking rates to develop an hourly emission rate 
for each flight that was modeled. Supply airflow rates for each section 
of the aircraft were apportioned by volume, using the nvrtoer of rows in 
each section as a proxy for volume. Return airflow rates were determined 
by flow-balance considerations, given supply and Interchamber airflow 
rates. 

Although PFTS were deployed to estimate airflow rates on study 
flights, practical limitations (I.e., the need for unobtrusive measure¬ 
ments) precluded obtaining meaningful measurement results In a nunbcr of 
cases. Ideally, PFT sources and samplers would have been distributed 
throughout each section (smoking and no-smoking) of the aircraft; however, 
logistical constraints restricted the approach to one release location and 
one sampling location per section. PFT measurement results were reviewed 
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to determine cases for which results were most plausible, according to the 
following criteria: 

(1) Measured ventilation rates for the aircraft determined by 
two different PFT methods (single tracer contnon to both sec¬ 
tions and tracers unique to each section) were consistent 
with one another and with maximun ventilation rates Indi¬ 
cated by aircraft specifications. 

(Z) Interzonal airflow rates were positive but not excessively 
large. 

The three flights chosen for modeling Involved two types of narrow body 
aircraft (B-727 with no recirculation and MO-80 aircraft with recir¬ 
culation) that collectively accounted for more than 50 percent of the 
flights monitored during the study. Selected characteristics of the 
aircraft and flights used for RSP modeling are given in Table 9-Z. The 
flights collectively provide a ten-to-twenty-fold range In smoking rates 
and measured ETS concentrations In the smoking section. 

The model described previously was chosen over the one developed 
by Ryan et al. (1988) because of the ability to include a filtration fac¬ 
tor for recirculated air (important to the analysis of mitigation options 
related to flltratlon/sorptlon). However, the software for the Ryan et 
al. (1968) model was obtained from the principal author and applied to the 
case without recirculation that was listed in Table 9-2. The published 
model and the model developed specifically for the mitigation assessment 
yielded Identical results when applied to this case. 

Model Application . Results of baseline modeling for the three 
study flights, to be used as a benchmark for assessing various mitigation 
alternatives, are compared with measured RSP concentrations In 
Table 9-3. Although the modeling results are generally lower than 
measured values, the general patterns of results are consistent* For 
example, both measured and modeled values indicate somewhat greater migra¬ 
tion of RSP from the smoking to the no-smoking section for the MO-80 than 
for the 8-727 aircraft, presumably due to air recirculation. Both the 
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TABLE 9-2. SELECTED CHARACTERISTICS OF FLIGHTS/AIRCRAFT 
USED FOR RSR MODELING 


Characteristic/Model Input 

1 

Flight 

2 

3 

Type of Aircraft 

B-727 

NO-80 

MO-80 

Nurr^er of Passenger Rows 

21 

33 

38 

(Number assigned to coach smoking) 

(2) 

(7) 

(8) 

Passenger Capacity 

108 

142 

142 

Observed Smoking Rate (cigarettes/h) 

3 

1 

15 

Measured Fresh-air Intake Rate, m^/h 

3.579 

3.125 

3.964 

Percent Recirculation Air* 

0 

21 

21 

Chamber Airflow Rates, m^/h 

- SAj 

3238.0 

3116.9 

3960.9 

- SA2 

340.8 

839.2 

1056.2 

- RAj 

30S8.5 

3636.5 

4036.6 

- RA? 

520.3 

319.6 

980.5 

- Fi2 

308.1 

434.0 

659.8 

- F 21 

128.6 

953.6 

935.5 


* Per aircraft specifications 
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TABLE 9-3. MEASURED AMO MODELED* RSP CONCENTRATIONS FOR 
THREE STUDY FLIGHTS 


RSP Concentrations, pg/m^ 


Flight/Sectlon 



Measured 

Modeled 

Flight 1 (B-727) 

- no-smoking section** 

31.9 

4.7 

- smoking section 

233.5 

122.4 

Flight 2 (MD-80) 

no-smoking section** 

11.0 

5.3 

- smoking section 

7.3 

22.3 

Flight 3 (MO-80) 

- no-smoking section** 

86.3 

44.2 

- smoking section 

302.0 

224.3 


• Baseline model, derived from measurements together with assumed 
recirculation rate of 21 percent and filter efficiency of 90 percent 
for HD-80 aircraft. 


** Volume-weighted average of gravimetric and optical measurements in 
boundary, middle, and remote locations. 
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measured and modeled values also have some uncertainties; In the case of 
modeled values* sources of uncertainty Include emission, mixing, and depo¬ 
sition rates, fresh-air supply and interchamber airflow rates, the pre¬ 
vailing recirculation rate during a flight, and the filter efficiency for 
RSP removal. 

As noted In Section 9.2.1, four alternatives for ETS mitigation 
were retained for further analysis; 

• Ban on smoking (total or partial) 

• Curtailment of the smoking period 

• Increased ventilation (including special case targeted 
at smoking section) 

• Flltratlon/sorptlon of ETS contaminants. 

The total ban on smoking requires no modeling; 1f this option 
were exercised, then RSP levels on current smoking flights would be 
reduced to those prevailing on non-smoking flights, and the Incrementa' 
exposure and Incremental risk would be zero. Similarly, modeling Is not 
required to assess the impact of partial bans; population exposures to 
ETS-related RSP would be reduced essentially In proportion to the reduc¬ 
tion In number of flight hours during which smoking would be permitted 
(the reduction would not be exactly proportional because longer flights 
generally hava larger aircraft capacities, greater percentages of time 
when the no-smoking light 15 not Illuminated, and possibly different 
smoking rates than shorter flights). 

A data file supplied by DOT, containing Information on all 
flights scheduled for departure from U.S. airports during January 1989, 
was analyzed to determine the relative frequencies for domestic flights of 
different durations. The analysis was based on Jet aircraft flights 
departing from 70 airports associated with large and medium air traffic 
hubs, consistent with the sampling frame used for the study (sec Section 
2.4). The relative frequencies of flights and flight hours represented by 
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flights of different durations (classified Into hourly duration Intervals) 
are sunrnarlred In Table 9-4. Flights under two hours In duration account 
for 44.5 percent of all flight hours. Thus, under the two-hour ban 
enacted in April 1985 under PL 100-202, smoking would be allowed during 
55.5 percent of all flight hours. (A more detailed analysis, factoring In 
the specific policies of Northwest Airlines and United Airlines, Indicated 
a revised figure of 54.3 percent.) A four-hour ban would limit smoking to 
14‘percent of ail flight hours, and a six-hour ban would restrict smoking 
to 2 percent of all flight hours, as illustrated In Figure 9-3. 

Two hypothetical scenarios were examined for curtailment of the 
smoking period: 

• Restriction of smoking to a l0-m1nute period after every 
two hours of flight time 

• Restriction of smoking to a lO-mlnute period after every 
hour of flIght time 

The Impact of each scenario on the smoking rate (cigarettes per 
flight) was estimated for each domestic smoking flight monitored during 
the study by assuming that each passenger seated In the smoking section 
would smoke one cigarette during each period when smoking was allowed. On 
the average, the first scenerlo would lower total smoking per flight by 
about 70 percent (t.e., from 51.9 to 15.2 clgarettes/fllght) and the 
second scenario would reduce total smoking by about 25 percent (from 51.9 
to 39.8 clgarettes/fllght). Each of the flights previously chosen for 
modeling was modeled with these reductions in the smoking rate. As shown 
In Table 9-5, the reduction In average RSP concentrations ln both the no¬ 
smoking and the smoking sections was proportional to the reduction In 
smoking rate in all three cases. However, as noted earlier, short-term 
peaks In RSP and gas-phase ETS constituents could rise sharply If smoking 
periods were restricted, thereby Increasing Irritation and discomfort for 
flight attendants and passengers. 

The impact of tha Increased fresh-air intake rates was first exa¬ 
mined for the flight with the highest smoking rate (flight 3). 
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TABLE 9'4. RELATIVE FREQUENCIES FCR DOMESTIC FLIGHTS 
OF DIFFERENT DURATIONS 


Flight Duration 

Percentage 
of Flights 

Percentage of 
FIight Hours 

< 1 hour 

17.6 

7.4 

1-1.99 hours 

48.7 

37.1 

Z-Z.99 hours 

21.3 

28.1 

3-3,99 hours 

7.2 

13.4 

4-4.99 hours 

3.2 

7.6 

5-5.99 hours 

1.5 

4.3 

> 6 hours 

a.6 

2.1 

Total. all durations 

100.0 

100.0 
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PERCENT Of FLIGHT HOURS 



EXTENT OF SMOKING BAN (HOURS) 


FIGURE 9-3. PERCENT OF FLIGHT HOURS DURING WHICH SACKING WOULD BE 
PERMITTED UNDER PARTIAL SMOKING BANS RELATED TO FLIGHT 

duration 
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TABLE 9-5. PREOICTED RSP CONCENTRATIONS FOR THREE STUDY FLIGHTS 
WITH HYPOTHETICAL REDUCTIONS IN SMOKING DUE TO 
CURTAILMENT OF SMOKING PERIODS 



RSP Concentration, yg/JiP 

Case Modeled 

No-smoking 

Section 

Smoking 

Section 

FHdht 1 (8-727) 



- no curtailment (base case) 

4.7 

122.4 

- ten-minute smoking period every hour 
(total smoking reduced by 25 percent) 

3.5 

(25X)* 

91.8 

(251) 

- ten-minute smoking period every two 
hours (total smoking reduced by 

70 percent) 

1.4 

(70%) 

36.7 

(70%) 

Flight 2 



- no curtailment (base case) 

5.3 

22.3 

- ten-minute smoking period every hour 
(total smoking reduced by 25 percent) 

4.0 

(251) 

16.8 

(25%) 

- ten-minute smoking period every two 
hours (total smoking reduced by 

70 percent) 

1.6 

(70X) 

6.7 

(70%) 

Flight 3 



- no curtailment (base case) 

44.2 

224.3 

- ten-minute smoking period every hour 
(total snx)k1ng reduced by 25 percent) 

33,2 

(251) 

168.2 

(25%) 

- ten-fflinute smoking period every two 
hours (total smoking reduced by 

70 percent) 

13.3 

(70%) 

67.3 

(70%) 


* Numbers In parentheses Indicate percent reduction 1n concentration from 
the base case. 
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Hypothetical Increases of 25, 50, 75 and 100 percent In fresh-air Intake 
were modeled. The results displayed in Figure 9-4 Indicate a curvilinear 
relationship between increase In fresh-air intake and rsp concentration in 
either section; however, the relationship 1$ more direct than Indicated— 
when the intake rate is doubled, the concentrations are halved. Thus, for 
example, to reduce concentrations by an order of magnitude, a tenfold 
increase In fresh-a1r intake would be required. However, such an Increase 
13 not likely achievable, and resultant airflows in the cabin would cause 
Intolerable drafts for passengers. In addition, as noted earlier, ozone 
concentrations in the cabin could increase and relative humidity levels 
could decrease. 

The impact of a more likely achievable 50*percent increase in the 
fresh-aIr intake rate is shown for each of the three modeled flights in 
Table 9-6. In each case, concentrations in both the no-smoking and 
smoking sections are reduced by one-third; that Is, the concentrations 
with a 50-percent increase in fresh-air intake are two-thirds of their 
original values, consistent with the ratio of the old-to-new intake rate 
(I.e,, 1/1.5 or 0.67}. 

A special case of increased fresh air is increasing the amount 
supplied to the smoking section only. If the fresh air supplied to the 
smoking section is increased by 50 percent, the overall Increase 1s only 
10.5 percent (because the smoking section accounts for only 21 percent of 
the total airflow). Although the reduction in RSP concentrations 
(23 percent, as shofwn in the bottom portion of Table 9-6) 1s less than 
that achieved with a 50-percent increase in fresh air to the entire cabin, 
the relative effectiveness Is greater; the ratio of concentrations Is 0.77 
(I.e., 34.2/44.2 for the no-smoking section and 172.6/224.3 for the 
smoking section) whereas the ratio of Infiltration rates for the aircraft 
is 0.9 (1/1.105). An assumption in modeling this case was that Increased 
air supply to the smoking section would be compensated by Increased 
exhaust from that section; otherwise, the smoking section would be over- 
supplied. increasing the flow rate from the smoking to the no-smoking 
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R«P COMCCNTRATKMi ug/W* 



FIGURE 9-4. RELATIONSHIP BETWEEN RSP CONCENTRATIONS AND RATES OF 
INCREASE IN FRESH-AIR INTAKE FOR ONE STUDY FLIGHT 
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TABLE 9-6. PREDICTED RSP CONCENTRATIONS FOR THREE STUDY FLIGHTS 
WITH A HYPOTHETICAL INCREASE IN THE FRESH-AIR INTAAE RATE 


RSP Concentration, yg/m^ 


Case Modeled 

No-Smoking 

Section 

Smoking 

Section 

Flight 1 

- no increase (base case) 

4.7 

122.4 

- 50-percent Increase 

3.1 

81.6 

(331)* 

(33X)* 

Flight 2 

- no Increase (base case) 

5.3 

22.3 

- 50-percent increase 

3.6 

14.8 

(33X) 

(33X) 

Flight 3 

- no Increase (base case) 

44.2 

224.3 

- 50-percent Increase 

29.5 

149.5 

(33X) 

(33X) 

- 50-percent increase for 

34.2 

172.6 

smoking section only 

(23X) 

(23%) 


* Numbers In parentheses indicate percent reduction In concentration from 

the base case. 
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section. As a result, RSP levels In the smoking section would decrease 
even further, but levels in the no-smoking section would increase. 

The Impact of filtration was examined ln greatest detail for the 
flight with the highest smoking rate. The HO-SO aircraft for this flight 
has a specified air circulation rate of 21 percent (i.e., 21 percent of 
the air supplied to the cabin Is recirculated air). RSP concentrations 
were modeled with hypothetical filter efficiencies of 0 (i.e., no 
filter), 0.3, 0.6, O.fl, 0.9, 0.95 and 0.99 (filters currently in use on 
aircraft are thought to have RSP removal efficiencies In the neighborhood 
of 0.9). As Illustrated In Figure 9-5, overall RSP reductions are less 
than proportional to filter efficiency, because filtration competes with 
fresh air for RSP removal and only a fraction of the cabin air Is recir¬ 
culated through the filter, A change in filter efficiency from 0 to 0.99 
would reduce RSP concentrations for this flight by 33 percent In the 
no-smoklng section (from 63.2 to 42.7 yg/m^) and by 8 to 9 percent in the 
smoking section (from 243.3 to 222.8 );9/ro^). 

Increased filter efficiency would provide no benefit for aircraft 
with no recirculation capability, such as the 8-727 for flight 1. For 
flights 2 and 3 (MO-80 aircraft), the effect of Increasing filter effi¬ 
ciency from 90 to 99 percent was modeled. As shown In Table 9-7, minor 
reductions In RSP (less than 5 percent) would be achieved with more effi¬ 
cient filters. Because some aircraft have higher recirculation rates (up 
to 50 percent), flight 3 was also modeled with an MO-80 aircraft having a 
hypothetical recirculation rate of 50 percent. As shown in the lower por¬ 
tion of Table 9-7, RSP concentrations for the base case (90-percent 
filter efficiency) were slightly higher with 50-percent recirculation than 
with 21-pcrcent recirculation. The RSP reductions due to Improved filter 
efficiency art projected to be somewhat greater If the aircraft had 50- 
percent recirculation, but the reductions are still less than 10 percent. 
Similarly, the RSP reductions due to improved filtration win be somewhat 
greater if the current filter efficiency Is below 90 percent; however,'as 
shown previously In Figure 9-5, the percent reduction due to filtration 
Is relatively insensitive to filter efficiency. 
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nSP CONCENTRATION. ug/m'S 



0 20 40 60 60 100 

FILTER EFFICJCNCY, % 


FIGURE 9-5. RELATIONSHIP BETWEEN RSP CONCENTRATIONS AND FILTER 
EFFICIENCY FOR ONE STUDY FLIGHT WITH Zl-PEftCENT AIR 
RECIRCULATION 
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TABLE 9-7. PREDICTED RSP CONCENTRATIONS FOR TWO STUDY FLIGHTS WITH 
A HYPOTHETICAL INCREASE IN FILTER EFFICIENCY 



RSP Concentration 

, 

NO 

1 - noklng 

Smoking 

Case Modeled 

Section 

Section 

Flight 2 {MO-80 with 21 percent recirculation) 


- 90-percent filter efficiency 

5.3 

22.3 

(base case) 

- 99-percent filter efficiency 

5.2 

22.2 


(21)* 

(<11) 

Flight 3 (MD-80 with 21 percent recirculation) 


- 90-percent filter efficiency 

44.2 

224.3 

(base case) 

- 99-percent filter efficiency 

42.7 

222.8 


(31) 

(11) 

Flight 3 (MD-80 with hypothetical 



recirculation of SO percent) 



- 90-percent filter efficiency 

46.6 

226.7 

- 99-percent filter efficiency 

42.9 

223.0 


(81) 

(21) 


« Nunbers in parinthcscs indlcats percent reduction In concentration from 
the base case. 
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9,2.3 Cost-Benefit Analysis 

A cofnplete cost-benefit analysis of alternative mitigation stra¬ 
tegies would include a full accounting of all categories of costs and 
benefits. Mitigation costs Include not only the cost of the technical 
approach, but the losses (If any) to smokers required to modify their 
behavior, and, If appropriate, losses In profits to airlines to the extent 
that smokers fly less often. Economists would measure losses to smokers 
« their willingness to pay (ifTP) to avoid having their behavior modified. 
This type of measure has been applied with reasonably high replicability 
of results 1n other contexts, but not to the issue of valuing smokers' 

WTP. 

In the analysis below, only technical costs are considered, 
because of lack of information on the other cost categories. This limita¬ 
tion means that procedural approaches are given zero cost, clearly an 
underestimate. 

On the benefit side, mortality, morbidity, and comfort con¬ 
siderations dominate. Mortality reductions and their associated economic 
benefits (measured in terms of the WTP for a reduction In the risk of 
death divided by the given risk reduction) are estimated below. The link¬ 
ages between passive ETS exposure and morbidity (acute effects, such as eye 
Irritation, exacerbation of chronic conditions, say by helping initiate an 
asthma attack, and increase In the probability of developing chronic con¬ 
ditions) are not well enough understood to Include these effects (although 
estimates of the VTp for these effects exist in the economies literature). 
Comfort effects related to odor or other effects that might be part of 
the VTP of nonsmokers to have their ETS exposurt reduced also cannot be 
Included because of data limitations. Because a ban on smoking has to 
have the largest quantifiable benefit but a zero (quantifiable) cost. It 
must appear as the best approach, subject to the Incomplete analysis. 

Benefit calculations for the mitigation analysis focused on 
reductions In risk of lung cancer mortality due to ETS exposure, using RSP 
as a tracer. To treat mortality risks in monetary terms, estimates are 
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needed eltfier for the willingness to pay to avoid specific risks of death 
or an assumed value of a statistical life (VSL).2 The most recent 
valuation and wage-risk studies provide VSL estimates in the range of $2 
to $5 million (Viscusi, 19fl6). A value of $3.75 million was chosen for 
this analysis, consistent with recent EPA assessments (Fisher et al. 
1987). 


Use of the VSL approach recjulres that the results of the risk 
assessment be translated into annual expected premature lung cancer deaths 
due to ETS exposure for the flying population, Including both passengers 
and flight attendants. Based on the estimated cancer risks per 100.000 
cabin occupants provided In Section 7.0, estimated annual deaths to be 
expected in the absence of any ban on smoking for domestic flights are 
0.44 for passengers and 0.34 for flight attendants (see Table 9-8). The 
estimated annual deaths given here are higher than those given In Section 
7.0 because the estimates in Table 9-8 assume that smoking would be 
allowed on all domestic flights, whereas the estimates In Section 7.0 
assume that smoking would be allowed only on flights of two-hour or longer 
durations. Given a VSL of $3.75 million, the expected deaths in Table 9-8 
translate Into annual economic values of $1.65 million and $1.28 million, 
respectively. There are also increments in morbidity due to ETS exposure 
tnat have not been taken into account. 

Projected annual benefits and costs of alternative mitigation 
options are given in Table 9-9. The greatest benefit ($2.93 million) 
would result from a total ban on smoking; benefits other than reduced mor¬ 
tality risk could accrue, for example, from reduced maintenance (e.g.. 
changing of filters) or cleaning costs in the absence of smoking. There 
are no direct costs of Implementing such a ban, although dollar values 
could conceivably be attached to smokers' inconvenience and discomfort. 


2 The VSL can be thought of as the average willingness to pay for a given 
reduction in mortality risk, divided by the risk reduction. Thus, if 
1,000 Individuals are willing to pay an average of $2,000 for a in,000 
reduction In mortality risk, than the averge VSL is $2 million. 
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TABLE 9-8. ESTIMATION OF ANNUAL EXPECTED DEATHS DUE TO 
PASSENGER AND FLIGHT ATTENDANT EXPOSURES TO ETS 
WITH UNRESTRICTED SMOKING ON DOMESTIC FLIGHTS 


Passengers 

418 minion enplananents per year for domestic fHgrtts* 

X 1.84 (hours per flight)** 

7S9 million passenger-hours per year 
X .9375 (fraction of time smoking allowed)*** 

72l million passenger-hours per year with smoking permitted 

* 45 (hours per year per flying passenger used In risk assessment) 
n minion people flying 4S hours per year 

* 40 (average lifetime for flying used In risk assessment) 

0.4 million lifetimes of flying 45 per hours per year 

X 1.1 (deaths per million flying lifetimes) 

0.44 expected deaths per year due to ETS exposure 

Flight Attendants 

56 thousand flight attendants flying 900 hours/year on domestic 
flights 

->■ 20 (average lifetime for flying used In risk assessment) 

O thousand lifetimes of flying 900 hours per year 
X 0.12 (deaths per thousand flying lifetimes) 

073? expected deaths per year due to ETS exposure 


* Soupcei NRC (1986) 

*• Based on analysis of data file provided by FAA 
•*• Assuming no-smoking light is illuminated 6.25 percent of the time 
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TABLE 9-9. PROJECTED ANNUAL BENEFITS AND COSTS FOR ALTERNATIVE 
MITIGATION STRATEGIES TO REDUCE ETS EXPOSURES 



Exposure 

Reduction 

Annual Benefits 
($ million) 

Annual Costs 
($ minion) 

strategy 

Passengers 

Attendants 

Total ban on smoking 

lOOX 

1.65 

1.20 

0* 

Partial ban on smoking 

-flights under two hours 

45X 

0.74 

0.58 

0 

-flights under six hours 

98X 

1.62 

1.25 

0 

Curtailment of smoking 

- 10 minutes every 2 hours 

70t 

1.16 

0.90 

0 

- 10 mintues every hour 

25 X 

0.41 

0.32 

0 

Increased fresh-air Intake 

- 50 percent for entire 
cabin 

331 

0.54 

0.42 

30.8 to 51.5 

- 50 percent for coach 
smoking 

23X 

0.38 

0.29 

6.2 to 10.3 

Increased filter efficiency 
(from 90 to 99 percent) 

** 4.5%*** 

0.08 

0.06 



* Assuming that a value can be placed on smokers’ inconvenience 
and discomfort (e.g., willingness to pay for the right to smoke 
on aircraft), some costs could be estimated; however, no studies to 
provide such Inputs have been Identified. Costs could conceivably be 
estimated for losses In ridershtp due to smokers opting for other 
modes of transportation. 

** Assuming that all aircraft have recirculation and filters 
*** 4.8 percent for passengers, 4.5 percent for attendants 
**** Cost Information could not be obtained. 
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However, there are currently no studies of smokers' willingness to pay 
for the right to smoke on aircraft. There could be losses in airline 
rldershlp due to smokers opting for other modes of transportation, but 
such losses could not be estimated In this study. In addition to partial 
smoking bans, options to curtail smoking also provide significant benefits 
at no apparent cost, particularly the option of a 10-mlnute smoking period 
every two hours. Such an option would, however, substantially raise 
short-term ETS levels and thereby increase acute health responses. For 
example, application of a steady-state model to the third flight (MD-SO 
with 25 smoking passengers) Indicates that CO levels In the smoking sec¬ 
tion could be as high as 5 ppm if all passengers smoked during the 
10-mlnute smoking period. The data from Cam et al. (1987) indicate that 
10 percent of nonsmokers exposed to S-ppm CO (due exclusively to tobacco 
smoking) for 10 minutes would express dissatisfaction due to eye Irritation. 

The other options listed In Table 9-9 either have costs that 
substantially exceed benefits (Increased fresh-air intake) or very limited 
benefits (Increased filter efficiency). Several manufacturers were con¬ 
tacted 1n an attempt to obtain estimates of filter costs, but the manufac¬ 
turers were reluctant to divulge this Information. Although the fuel 
penalty for Increased fresh-air Intake Is quite small on a per-fllght 
basis ($10 to $20). the aggregate costs are substantial. The fuel cost 
penalty was estimated from the relationship shown In Figure 9-6, which 
was derived from data provided In an NRC report (1986). The incremental 
fuel cost for a 50-percent increase in fresh-air intake ranges from $0.04 
per passenger-hour for DC-10-10 aircraft to $0,067 for a B-727 aircraft. 
Multiplication by 769 million passenger-hours per year (see Table 9-S) 
yields an estimated cost range of $30.8 to $51,5 million for added fuel 
requlrnnents. 

9.3 application OF FRAMEWORK TO POLLUTANTS 
9.3.1 Cosmic Radiation 

As noted earlier in this section, there are no practical 
approaches for reducing cosmic radiation levels on aircraft. Thus, the 
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COST, $/paBtMi9«r-h 



FIGURE 9-6. RELATIONSHIP BETWEEN INCREASE IN FRESH-AIR 
INTAKE AND FUEL COST PER PASSENGER-HOUR 
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only potential mitigation route Involves the notion of exposure manage¬ 
ment. Through this strategy, excessive exposures could be reduced by 
avoiding extreme northern or southern latitudes and high altitudes where 
possible. Exposure management could also focus on specific types of 
personnel facing higher risks, such as female flight attendants In different 
stages of pregnancy, particularly the first trimester. This type of miti¬ 
gation strategy applies equally to flight crew members, cabin crew mem¬ 
bers, and passengers. 

9,3.2 Carbon Dioxide 

Risk assessment was not performed for carbon dioxide (CO 2 ) 
because health effects of CO 2 exposure (other than those above occupa¬ 
tional guidelines) have not been documented. Nonetheless, CO 2 levels 
exceeding 1,000 ppm, the level recommended by ASHRAE for satisfaction of 
comfort criteria, were measured on a substantial fraction of the monitored 
flights. Consequently, alternatives for reducing CO 2 levels in airline 
cabins were investigated but no cost-benefit analysis could be performed. 

There are three types of options for reducing CO 2 levels-- 
emlsslons reduction, increased ventilation, and removal by sorption. 

CO 2 removal could be achieved, for example, by passing air through an 
adsorbent bed mounted on a rotating drm or revolving belt (White 1989). 
Regeneration of the adsorbent would permit high capacity with low bed 
voltxne and weight. Continuous regeneration of the adsorbent would be 
accomplished by passing a small amount of purified a1r through a heated 
portion of the bed, then exhausting overboard the heated air containing 
high concentrations of CO 2 . Aircraft waste heat from the lubrication oil 
system or engine exhaust gas would be used as the heat source for 
regeneration. 

Emissions could be lowered by reduction of seating capacity, but 
this approach U not likely to be economically attractive to the airline 
Industry. The potential effectiveness of remaining options, Involving 
ventilation or removal, was investigated through modeling. Because the 
CO 2 sources (passengers and crew) are spread throughout the cabin, a 
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5lngle-chan*er model can be used. Using similar terminology to that used 
for the two-chamber model described earlier in this section (see Figure 
9-2), the model for CO 2 In the cabin (C^n) can be stated as follows: 

^out • W + S 

C^n ■ - 

(RA ♦ L) - (1 - e) • (SA - MA) 

The flights used previously for RSP modeling were also used for 
this modeling exercise. An emission rate of 0.3 l/m1n (18,000 ml/h) per 
passenger and an outdoor concentration of 330 ppm were assumed In making 
the calculations. The aircraft were assumed to be at full capacity—108 
passengers for B-727 aircraft and 142 passengers for MD-80 aircraft. 

CO 2 concentrations related to ventilation rates (currently 
measured levels and hypothetical Increases up to 100 percent) are shown in 
Table 9-10. Concentrations are projected to decrease by about a third if 
the fresh-air intake rate were to be doubled. Thus, some flights with CO 2 
levels above 1,000 ppm would likely remain under this scenario. As 
discussed earlier, this mitigation option would carry a fuel penalty and 
could also increase ozone levels and decrease hianidity levels. 

CO 2 concentrations related to filter removal efficiencies (zero 
assumed as current efficiency) are given in Table 9-11. (Discussions 
with a filter manufacturer indicated that removal efficiencies In the 
neighborhood of 50 to 75 percent may be attainable.) At a 50 percent 
removal efficiency, CO 2 levels could be reduced by 12 percent for current 
TO-80 aircraft (21 percent recirculation) or by 33 percent if the recir¬ 
culation rate were as high as 50 percent). 
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TABLE 9-10. PREDICTED CO? CONCENTRATIONS FOR THREE STUDY FLIGHTS 

WITH hypothetical INCREASES IN THE FRESH-AIR INTAKE RATE 



CO 2 Concentration, ppm 


Ventilation Rate 

night 1 

Flight 2 

Flight 3 

Current level (base case) 

873,2 

1147.8 

974.9 

Increase of 25 percent 

764.6 

{12.4%)» 

984.3 

(14.2%) 

845.9 

(13.2%) 

Increase of 50 percent 

692.1 

(20.7%) 

875.2 

(23,7%) 

759.9 

(22.1%) 

Increase of 75 percent 

640.4 

(26.7%) 

797.3 

(30.5%) 

698.5 

(23.4%) 

Increase of 100 percent 

601.6 

(31.1%) 

738.9 

(35.6%) 

652.4 

(33.1%) 


* NiATteri 1n parentheses Indicate percent reduction In concentration 
from the base case. 
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TABLE 9-11. PREDICTED COj CONCENTRATIONS FOR TWO STUOr FLIGHTS 
WITH HYPOTHETICAL INCREASES IN FILTER EFFICIENCY 


Filter Efficiency 

COj Concentration, ppm 

Flight 2 
(21% recirc.) 

Flight 3 
(21% recirc.) 

Flight 3 
(50% recirc.)* 

Zero (base case) 

1147.8 

974.9 

1348.9 

25 percent 

1076.3 

914.1 

1079.1 


(S.2%)** 

(6.2%) 

(20.0%) 

SO percent 

1013.2 

860.5 

899.3 


(11.7%) 

(11.7%) 

(33.3%) 

75 percent 

957.0 

812,8 

770.8 


(16.6%) 

(16.6%) 

(42.9%) 


• Hypothetical recirculation rate for MD-80 aircraft. 


** Numbers In parentheses Indicate percent reduction In concentration 
from the base case. 
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Section 10.0 

CONCLUSIONS AND RECOMMENDATIONS 


10.1 CONCLUSIONS 

10.1.1 Weotfrement Methods and Rest/Its 

The flights that were randomly chosen for monitoring in this 
stygy proved to be representative of the population of flights departing 
from major U.S. airports. Distributions of the monitored flights by 
airline and type of aircraft were very similar to those for all scheduled 
coemerclal Jet aircraft flights. 

Leftls of particle-phase STS contaminants monitored during the 
study were substantially higher In smoking sections of the aircraft than 
In nonsmoking areas. Respirable suspended particle (RSP) concentrations 
In the coach smoking section averaged about 175 pg/m^. The average RSP 
concentration in the nonsmoking section near coach smoking (I.e., boundary 
region) was near 55 pg/m^. and RSP concentrations averaged about 35 pg/m^ 
In other no-smoklng areas and on nonsmoking flights. These averages are 
based on combined results from two measurement methods>-opt1cal and gravi¬ 
metric. 0ne>ffl1nute peak RSP concentrations measured with optical sensors 
were more than ten times higher In the smoking section, and three times 
higher In the boundary region, than in the no-smoking areas on smoking 
flights. Measured RSP levels in the boundary region were most strongly 
correlated with Observed smoking rates In the coach smoking section (i.e., 
higher levels when smoking rates were higher) and distance from the coach 
smoking section (i.e*, higher levels at shorter distances). 

Levels of gas-phase £7S contaminants that were monitored were 
also highest in smoking sections. Nicotine concentrations averaged near 
l3.5 pg/m^ In the coach smoking section, near 0.25 pg/nP In the boundary 
region within the no-smoking section, end near or below 0.05 pg/nP in 
other no-smoking areas end on nonsmoking flights. CO concentrations 
averaged near 1.4 ppm in the coach smoking section, near 0.7 ppm in no- 
smoking areas of smoking flights, and 0.6 ppm on nonsmoking flights. 
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Levels of these ETS tracers In the boundary region were not strongly 
correlated with observed sirwitlng rates or distance from the coach smoking 
section. 

Two separatt tecfiniques for estimating smoking rates on each 
monitored flight provided consistent results. Estimates based on tech¬ 
nician observations of the number of lighted cigarettes during a one- 
minute interval every 15 minutes agreed well with estimates based on 
cigarette butts collected by technicians at the end of most smoking 
flights. An average of 20 cigarettes per hour, or 66 cigarettes per 
flight, was smoked by passengers in the coach smoking section on smoking 
flights that were monitored; an average of 13.7 percent of passengers were 
assigned to the coach smoking section. 

Carbon dioxide (CO 2 ) levels on flights monitored during this 
study were frequently above the level recamended by ASMRAE (1,000 ppm) to 
satisfy comfort (odor) criteria. COj concentrations on the monitored 
flights averaged above 1,500 ppm and exceeded 3,000 ppm on several 
occasions. Measured concentrations were 1,000 ppm or greater on 
67 percent of the monitored flights, and the CO 2 levels were most strongly 
related to the number of passengers in the airliner cabin; on the average, 
70 percent of the seets were occupied on the flights monitored in the 
study. Depending on assuned CO 2 exhalation rates, measured levels were as 
imjch as twice those predicted by a cabin air quality model. Even if the 
measured levels were to be lowered by half, however, CO 2 concentrations 
would still exceed 1,000 ppm on 24 percent of the study flights. 

fteletive hjeidity levels on monitored flights were quite Jotf, 
averaging near 15 percent on smoking flights end near 20 percent on 
nonsmoking flights. Humidity levels were below 25 percent, outside the 
range indicated by ASHRA£ for provision of adequate thermal comfort, on 
about 90 percent of all monitored flights. Temperatures in the cabins of 
monitored aircraft averaged neer 24 *C (75 *F) for both smoking end 
nonsmoking flights end were within ASHRAE's comfort range. 
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Average levels of ether pollutants (ozone, better la, and fungi) 
were relatively Jaw on virtually all monitored flights. Measured levels 
of ozone did not exceed the FAA 3-hour standard of 0.1 ppm or the current 
EPA standard of 0.12 ppm on any of the monitored flights. The highest 
ozone level measured was 0.08 ppm, and the average measured level was be¬ 
tween 0.01 and 0.02 ppm. Measured bacteria levels were somewhat higher m 
the smoking than no-smoking sections of monitored smoking flights, and the 
average level In the no-smoking section on these flights was nearly iden¬ 
tical to that on nonsmoking flights. Measured fungi levels were somewhat 
higher on nonsmoking flights than smoking flights, but the bacteria and 
fungi levels in all cases were low, relative to those that have been 
measured In other environments. 

The method used In the study to measure air exchange rates was 
generally adeguate for aircraft with recirculation but was Inadequate for 
other types of aircraft. The measurement method. Involving release and 
sampling of perfluorocarbon tracers, was less effective on aircraft 
without recirculation because of the limited extent of lateral air move¬ 
ment on such aircraft. This limitation could have been overcome by 
incrtasing the number of tracer release and sampling locations, but such a 
strategy was deliberately avoided In this study In order to remain 
unobtrusive to passengers and flight attendants during monitoring. 

The stretegy of monitoring et multiple seet locetlons provided 
important insights regarding spatial variations in cabin air quality, par¬ 
ticularly for £75 eontmlnants. This strategy provided seme indications 
that the boundary region in the no-smoklng section was affected by coach 
smoking. In addition to the distinct effects in the smoking section 
Itself, and that spatial variations were relatively minor for CO 2 and 
other pollutants (ozone, bacteria, and fungi) that were monitored. 
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The strategy of continuous monitoring where practical, comblnaa 
with integrated sampling, also provided same Important insights concerning 
cabin air duality. Continuous nionltorlng results provided the strongest 
Indication of an effect of smoking In the no-smcklng boundary region. 

10.1.2 Risk Assessment 

The risks faced by cabin crew members and passengers depend on 
such factors as frequency of flying, number of years flown, specific 
routes flown, and, ln the case of ETS exposures, seat locations and pre¬ 
vailing smoking rates. The study conclusions pertaining to cancer risks 
are based on specific scenarios relating to number of hours per year in 
flight, number of years flown, and, in the case of ETS exposures, propor¬ 
tion of time spent in the smoking section, boundary region near smoking, 
and other no-stnoklng areas. Detailed descriptions of the scenarios and 
calculations underlying the risk estimates given herein are provided in 
Section 7.0 for ETS and In Section 8.0 for cosmic radiation. Estimates 
for cabin crew members relating to ETS exposure pertain only to flight 
attendants and do not include the cockpit crew. 

ETS 

Estimated lifetime lung cancer risks escrlbapfe to ETS exposure 
for nonsmoking cebin crew mmbers flying 960 hours per yeer on smoking 
flights for 20 yeers range frm 12 to 15 premature cancer deaths per 
100,000 nonsmoking cabin crmv members for danestic flights end from 13 to 
17 premature cancer deaths per 100,000 for internationel flights. The 
rang* of estimates was derived from two different cancer risk models (a 
phenomenological model and a multistage model) that assume different dura¬ 
tions of exposure. Applying these risk estimates to the entire U.S. cabin 
crew population results In an estimated 0.18 premature lung cancer deaths 
per year for domestic flights (that is, approximately 4 premature deaths 
can be expected every 20 years) and 0.16 premature deaths per year for 
International flights. 

Estimated lifetime lung cancer risks due to ETS exposure for 
nonsmoking pessengers flying 480 hours per year on smoking flights for 
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30 ytBts ringe front 0,3 to 0.8 prentotute cancer ijeiths per 100,000 
nonsmoking passengers for pemestlc ffights and from 0.2 to 0.6 pranature 
cancer deaths per 100,000 for Internationa} flights. The range of 
estimates v(as, derived frotn the two cancer risk (nodels mentioned above, 
and the relatively broad range Is due to differences In assumed durations 
Of exposure and the sensitivity of the multistage model to assumptions 
concerning the age at which exposure begins. 

Estimated lifetime lung cancer risks due to £T5 exposure for 
nonsmoking passengers flying 43 hours per year an smoking flights for 40 
years are approximately 0.1 premature cancer deaths per 100,000 tor bath 
aomestlc and Intarnational flights. Applying these risk estimates to the 
U.S. flying population results in an estimated 0.24 premature lung cancer 
deaths per year for domestic flights (that is, approximately 10 premature 
deaths can be expected every 40 years) and 0.12 premature deaths per year 
for international flights. 

In terms of acute effects based an CO concentrations as a proxy 
for £T5 levels, ft is estimated that on one-third of smoking flights about 
1 in 8 persons seated in the smoking section would experience irritation 
due to ET$ exposure. Further, it is estimated that on about one-third of 
domestic smoking flights, ETS levels In the smoking section (based on 
nicotine concentrations as a proxy) would be sufficiently high to evoke a 
marked sensory response in the eye and nose of an airliner cabin occupant. 

Differential effects of ETS and Us constituents on such sen- 
stttve populations as asthmatics, children, and persons with ischemic 
heart disease or other cardiovascular disease could not be estimated. 

Cosmic Radiation 

Estimated lifetime cancer risks due to comic radiation exposure 
tor cabin crew members flying 960 hours per year range from 5 to 
61 pranature deaths per iOO.OOO individuals flying for 20 years on 
domestic flights and from 13 to 30 premature deaths per 100,000 indivi¬ 
duals flying for lO years on international flights. The estimates, which 
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pertiln to cockpit crew members as well as cabin crew members, are lowest 
for relatively short north-south domestic flights and higher for coast-to- 
coast flights Involving higher altitudes. The highest estimates are for 
relatively long, circumpolar International flights which also occur at high 
altitudes. 

istimated lifetime cancer risks due to cosmic radiation exposure 
for passengers flying 430 hours per year range from 3 to 30 premature 
deaths per 100,000 Individuals flying for 20 years on domestic flights and 
from 7 to IS premature deaths per 100,000 Individuals flying for 10 years 
on international flights. Like the above estimates for cabin crew, the 
range Is governed largely by flight altitudes and latitudes. Another con¬ 
cern is the effect of cosmic radiation on a fetus, particularly during the 
first trimester. 

Other Pollutants 

The levels of bacteria and fungi measured in the airliner cabin air 
In this study were found to be belov the levels generally thought 
to pose risk of illness. Secause quantitative dose-response Information 
on the health risks of biological aerosols was not available, the eval¬ 
uation of the concentration data was performed by placing the prevalence 
Of Individual genera that were identified In rank order, and comparing the 
prevalence to biological aerosols in other Indoor environments. The 
levels and genera measured in the cabin environment were similar to or 
lower than those comnonly encountered In indoor environments characterized 
as “normal.* 

It was unnecessary to perform a risk assessment for ozone because 
measured levels on all monitored flights were well below the current FAA 
and EPA standards. 

10.1.3 Mitigation 

Anong the methods eveluated for reducing risks due to £75, « 
total ban on airliner cebin smoking would eliminate STS exposure in 
airliner cabins and yield the greatest benefit to flight attendants 
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§nd nonsmoking passengers. A total ban on smoking on domastlc flights is 
estimated to result In an annual benefit of approximately $3 million to 
cabin crew and passengers, based on reduced mortality risks. In con¬ 
ducting this beneflt/cost analysis, reduction in mortality and associated 
economic benefits were considered but benefits relating to reduced mor¬ 
bidity were not. Possible costs related to smokers' inconvenience and 
discomfort or to displacement of smokers to other modes of transportation 
were not considered due to limited data. 

Beyond the two-hour hen that reduces £TS exposures on domestic 
fjights by approximateiy 45 percent, more restrictive bens could be imple¬ 
mented to reduce exposures by as much as 98 percent. Restricting smoking 
to flights of a 6-hour or greater duration would reduce ET5 exposures by 
approximately 98 percent, and a restriction for flights of 4 hours or 
longer would reduce exposures by about 36 percent. A different type of 
strategy to curtail smoking, such as alloii^lng smoking for a Ifl-mlnute 
period every two hours, could reduce average exposures to ETS by as much 
as 70 percent. Such a strategy, however, could substantially Increase the 
risks of health effects from acute exposure during the brief periods when 
smoking would be allowed. 

Two other mitigation measures—increased ventilation and improved 
filter efficiency—would reduce ETS exposures by lesser amounts, ranging 
from 5 to 33 percent. Annual costs of Increased ventilation ($6 to $50 
million], which could reduce ETS exposures by as much as 33 percent, are 
substantially higher than the benefits ($0.7 to $1.0 million) that could 
be calculated within the constraints of this study. Costs related to 
Improved filter efficiency were not available, but Improved efficiency 
would provide only a marginal reduction (5 percent) In ETS exposures. 

Exposure management Is the only viable option for reducing cabin 
crewmember and passenger exposures to cosmic radiation. In the case of 
crew members, this strategy would involve careful scheduling of personnel 
to avoid persistent exposure to higher cosmic radiation levels generally 
associated with high-altitude flights and flight paths toward extreme 
northern or southern latitudes. 
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On aircraft witfi recirculation, CO 2 could be removed by sorption 
on solid adsorbent beds whose adsorbent capacity for CO 2 can be rege- 
nerated by heating. Increased ventilation could also bring COg levels 
closer to the guidelines specified by ASHRA£. Cost or rtllability data 
for a sorption system were not available for comparison with costs of 
additional ventilation. 

In view of the low levels observed for ozone and biological aero¬ 
sols, mitigation strategies were not assessed for these pollutants. 

10,2 RECOMMENDATIONS 


10,2,1 Actions for Improving Cabin Air Quality 

Consideration should be given to a total ban on smoking on all 
flights departing from or arriving at U,S. airports as a means of elimi¬ 
nating the ETS risks currently faced by nonsmoking passengers and 
nonsmoking cabin crew members. The estimated benefits of such a strategy 
exceed the costs, based on currently available data. In considering this 
ban, consideration will need to be given to smokers' inconvenience and 
discomfort, possible economic consequences of displacement of smokers to 
alternative transportation modes, and other potential consequences such as 
smoker withdrawal s/nptoms. Possible alternatives include limiting 
smoking to longer-duratlon flights or restricting the time periods when 
smoking is allowed on flights. In the Matter case, further study would be 
needed of the potential health effects from acute exposure that could 
occur during the limited periods when smoking would be allowed. 

Airlines should implement exposure-managenent strategies to 
reduce risks faced by cabin crew members, particularly those related to 
cosmic radiation. Such strategies would Include careful scheduling of 
personnel, especially those at highest risk, to avoid persistent higher 
exposures associated with flight paths at extreme northern/southern lati¬ 
tudes and higher altitudes. 

Sorption should be considered es e meens of reducing COg levels 
in eirJlner cabins. The feasibility of implementing this approach needs 
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to be further explored, along with potential costs, benefits, and prac¬ 
tical considerations. Such an approach, or increased ventilation, could 
also reduce levels of other potentially hazardous chemicals, such as vola¬ 
tile organic compounds that were not measured during this study. 

No actions need to be taken to reduce currently prevailing levels 
of ozone or biological aerosols. The types of preventive strategies that 
are currently In place for ozone, which may be partly responsible for the 
relatively low levels measured during this study, should be continued. 

10.2.2 Information Needs 

Due to constraints of unannounced and unobtrusive monitoring 
required to meet study objectives, this study could not take full advan¬ 
tage of the currently available state-of-the-art instrumentation for 
pollutant monitoring. Based on observations and conclusions from this 
study, the following areas of further study are recomended: 

Additional measuranents of CO 2 should be performed in camercial 
airliner cabins. Such measurements need to be conducted with continuous 
monitoring devices on different types of aircraft and at different levels 
of passenger occupancy. 

A study of flight attendants' exposures with personal monitors 
should be conducted If a total ban on smoking is not enacted. Due to 
study limitations, flight attendants’ exposures could not be estimated 
directly. A personal monitoring study of flight attendants would improve 
estimates of exposures by accounting for the different breathing height 
from that of passengers and time spent in areas suCh as galleys, which 
were not monitored during this study. 

Further measuranents of prevailing air exchange rates on aircraft 
should be performed. Due to the need to remain unobtrusive during this 
study, it was not possible to widely deploy sources and samplers to obtain 
more reliable measurements. Improved estimates will provide a stronger 
basis for cabin air quality modeling which is crucial to assessment of 
mitigation strategies related to ventilation. 
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Further Information on specie! populations and short-term health 
effects would support Improved risk assessments. The Infonnatlon required 
Includes (1) the flying frequency of children and sensitive Individuals 
such as asthmatics, (2) dose-response functions relating various types of 
short-term health effects (e.g., eye/nose/throat irritation) to levels of 
various ETS tracers, and (3) quantitative measures of ETS effects on the 
cardiovascular system of individuals with pre-existing cardiovascular 
disease. 
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APPENDIX A 


EXPLANATION AND SENSITIVITY ANALYSIS OP 
THE MODIFIED ARMITAGE AND DOLL MODEL (LesL^Te*) 
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Section 1. .0 

EXPLANATION OF THE MODIFIED ARMITAGE AND DOLL MODEL 


1.1 General Approach 

The approach to risk assessment Involves converting the ambient 
air data to a risk-equivalent dose. The underlying assunptlons In the 
Modified ArmUage and Doll Model, which is a modification to the original 
model presented by Armitage and Doll (1961), are that: 

• RSP Is a reliable Indicator for estimating the relationship 
between exposure to cigarette smoke and health risks. 

• Risk data exist for wives of smoking husbands; their rela¬ 
tive risk Is approximately 1.3 based on case-control 
studies. 

• Spousal exposure can be inferred from measurements made of 
the impact of an Individual smoker on indoor air quality 
together with empirical statistics on the duration of 
marriages. 

• For the multistage model of cardnogenlsis with five stages, 
the following question can be posed: 

If X years of exposure at level Y causes a relative risk of 
1.3, what 1$ the dose-response coefficient? 

• The dose response coefficient generated in the step above is 
then used, along with a five-stage multistage model and dose 
estimates derived from aircraft monitoring data, to calcu¬ 
late risks to the selected populations of Interest. 


1.2 Specific Application 

The central problem in risk assessment 1S scaling a risk estimate 
that Is valid for lifetime exposure in a form that is useable in models 
designed for less-than-llfetlme exposure. The multistage theory of car¬ 
cinogenesis can assist In providing a solution by considering age-specific 
risks of exposure to a fixed concentration of a carcinogen for some fixed 
duration. If either the first stege (tunor Initiation) or the penultimate 
fourth stage (tumor promotion) is affected, the age-spedfic cancer rite 
(hazard), R(t). for exposure from birth is given by (Day and Brown 1980; 
Brown and Chu 1982): 


A-1 


PM3006451490 

Source: https://www.industrydocuments.ucsf.edu/docs/nmxj0001 



whert 


R(t) « , t>« 


( 1 ) 


R(t) ■ the age specific cancer rate 
t - attained age, 

E ■ exposure or dose level 

c *4 dose response coefficient which converts E to risk 
S ■ the latency period required to convert an initiated tumor 
Into a fatal cancer 

K ■ the number of stages assuned to be acting In the 
carclnogenlsls process. 

Day and Brown (1982) also present formulae relating rate at age, 
t, to some less-than-llfetime exposure. Assjning an exposure of duration, 
0, starting at age. tg, and ending at time, ti, age-specific risk can be 
predicted. Risk Is zero for the period, Iq to tg-ri, because this Is the 
definition of latency. For an initiator: 

R(t) ■ cE (t-to-a)*^-^ , ti+< i t > a (2) 

and 

R(t) ■ cE C(t-to-6)^-l - (t-ti-6}>^-l], t>ti+fi (3). 

For low risks, lifetime risk, l is given approximately by: 

100 

L » I S(t)*0.5[R(t)+«(Ul)] (*) 

t-0 


where 


S(t) 


the probability of surviving from birth to 
age t In some standard population. 
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Far (1) this Is 


100 

L s I S(t)*cE*0.5‘C(t-S)>'*4(t+l-S)>^-^] 
t>5 


( 5 ) 


A similar, but mor« canplIcated, expression can be derived from (2) and (3): 
L » CE*0.5* 


t*to+4 


100 

ti+s+i 


( 6 ) 


Here 


T ■ tQ+S 

n • ti+« 

S'(t) ■ the probability of survival from tg to some age t. 

Equation 6 can now be rearranged to yield an estimate of c, the 
dose-response coefficient: 

2 X L 

c . - (7) 

Here 

e ■ the term In large brackets of equation (5). 

Assuming values for K, &. and some survival function S(t}, we 
have scaled a unit cancer risk (risk coefficient, q*) to apply to less 
than lifetime, or time-varying exposure. Since reasonable guesses can be 
made about K (4 or 5) and S (5 to 10 years), and since survival functions 
for recent U.S. populations have not varied dramatically, this procedure 
is defensible. QThe exact survival functions used here are derived from 
the 1980 U.S. Decennial llfetables (National Center for Health Statistics, 
1985).] Nevertheless, estimates of several Important parameters, t, E. 
tg, and ti must be derived from ancillary Information. 
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In the case of L. studies of lung cancer risk In nonsmoking women 
married to men who are cigarette smokers suggest that their relative risk 
Is about 1.3 relative to nonsmoking women married to nonsmokers (National 
Research Council 1986; Blot and Fraumeni 1986), and studies of nonsmokers 
have shown that the lifetime risk of lung cancer ln nonsmoking women is 
about 630 deaths per 100,000 women at risk (Garflnkel 1981; Glnevan and 
Kins 1986). Taken together these two values suggest that the lifetime 
risk attributable to spousal exposure to ETS is about 630 deaths per 
100,000 women at risk x 0.30, or 189 deaths per 100,000. 

This value is slightly overestimated because some nonsmoking 
women in the cohort used to generate the overall lung cancer of risk of 
630 deaths per 100,000 are married to smokers. If 30 percent of these 
women are assumed, in fact, to be married to smokers, and that those 
married to smokers have a relative risk of 1.30, then the risk In a 
nonsmoking woman married to a nonsmoker can be calculated and used as the 
basis of the attributable risk calculation in this Investigation. If the 
proportion of women married to smokers were as high as 0.30 [some of the 
women were unmarried, and nonsmoking women tend to marry nonsmoking men 
(National Research Council 1986)], then the overall relative risk in the 
population would be (0.7 x I.O) * (0.3 x 1.3} ■ 1.09. If the overall abso¬ 
lute risk in the population, 630/100.000. is divided by the overall rela¬ 
tive risk, 1.09, e baseline absolute risk of 573 per 100,000 occurs in 
nonsmoking women married to nonsmokers. Thus, the adjusted attributable 
risk Is 0.3 X 578 or 174 per 100,000. The following calculations will 
take Into account this adjusted attributable risk for the value of L. 

Having defined a risk coefficient, an exfjosure term, E. must also 
be determined. Spenglcr (1981) has shown that residences with one smoker 
average 12.4 pg/m^ fiSP, and residences with two smokers average 46,3 pg/m3 
more RSP than those with no smokers. In a separate study Spengler (1985) 
found that residences with smokers averaged 46 yg/n^ RSP higher than ^those 
who do not reside with smokers. 

A computetlonel approech can be taken to determine residentlil 
RSP levels attributable to smoking. If the average nonsmoking residence is 
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assumed to experience 0,8 air exchanges and has an effective volune of 
340 m^, smoking 1 cigarette per hour In that duelling will add approxi¬ 
mately 150 yg/m^ to the RSP levels in the home. However, this calculation 
assumes that a cigarette 1$ smoked every hour. !n fact, working men and 
women spend approximately 6 waking hours per day at home (Repace and 
Lowrey, 1985). Therefore, to obtain the actual average, the 150 yg/m^ 
must be divided by 4, which yields 37.5 yg/m^. This is In good agreement 
with the values Spengler reported earlier, providing a basis for assimlng 
that spousal smoking exposure corresponds to an Increnient of approximately 
40 yg/m^ RSP exposure. The uncertainty In this value Is probably within a 
factor of two (e.g., the true average exposure could be as little as 20 
yg/m^ RSP or as much as 80 yg/m^ dua to spousal smoking). 

An estimate of the average respiratory rate and the duration of 
dally exposure for a woman exposed to a husband who smokes is necessary to 
complete our exposure estimate. For this calculation. It is assixned that 
a woman in the home spends 1/3 of the time resting, and the other 2/3 
engaged in alternate sitting and light work. This scenario implies a 
respiratory rate of about 0.8 per hour. Activity surveys show that 
working women spend 15 hours per day in the home, and that nonworking 
women spend more than 20 hours per day In the home* However, some of the 
time spent outside the home would still be spent in the presence of the 
smoker spouse, and for the case of a working woman, time spent wUhin the 
home would likely occur when the spouse was also present. These con¬ 
siderations lead to the adoption of a 24-hour/day regime as a reasonable 
exposure scenario. Thus, a woman married to a smoker might be expected to 
receive a dally dose, D, of: 

D ■ 0.8 ffl^/hour x 24 hours/day x 40 yg/nP 
• 0.77 mg/day (6). 

For duration of exposure. If a woman Is assimd to become married 
at age 22 to a man aged 25, the exposure will likely terminate at the hus¬ 
band's death which, for a smoker, will occur at approximately age 65. 

This Implies an exposure duration of 40 years. However, several of the 
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spousal smoking studies were conducted m countries where, because of 
custom and culture, the husband may be ten or more years older than the 
wife at marriage. This consideration, together with factors such as 
second marriages and separations without divorce, suggest that this dura¬ 
tion should be revised downward. Duration of exposure Is therefore taken 
to be 35 years beginning at age 22, recognizing that this duration could 
be 5 years higher or lower. 

One can easily verify that, taken together, the assumptions 
developed here fmpiy a phenomenonologtcal risk estimate very similar to 
that developed by fiepace and Lowrey (1985). That Is, assuming a dally 
exposure of 0.77 mg results 1n a lifetime cancer risk of 174 per 100,000 
persons. Since each person Is at risk for about 35 years, this implies an 
overall risk, 2, of: 

_ 174 deaths _ 

2 ■ 

3.5 million person-years x 0.77 mg/day 

- 6.45 deaths per 100,000 person year/mg/day (9), 

only 30 percent greater than the risk estimated by Repace and Lowrey. 

The necessary Inputs are thus provided In order to parameterize 
the model given In equation (7): 

L * 174 deaths per 100,000 or 0.00174 
E ■ 0.77 mg/day 
to - 22 
ti * 57. 

The model will be parameterized assining 
6 > 5 or 10, and 
k > 4 or 5. 

The results of this parameterization are presented for a scenario 
in which exposure starts at age 25 and continues for 25 years; this can. 
reasonably be applied to a cabin crew member (Table A-1). All entries in 
the table are In units of risk per 100,000 persons [lifetime], assuning an 
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average daily exposure of 1 mg per day. To obtain the risk of exposure at 
different levels, the actual dally average Is multiplied by the table 
entry for a given model. 

TABLE A-l. RISK COEFFICIENTS 


Model 

Risk per 100,000 [lifetime] 

k>4. 5-S 

170 

k■4, &*10 

170 

k-5, 4-5 

157 

k>5, 6-10 

165 


For this scenario, the exact model parameterization is not Impor¬ 
tant. If one applies a risk factor of 170 per 100,000 to the 0.5 mg/day 
RSP Inhalation calculated earlier for a female flight attendant, a life¬ 
time risk of 170 X 0.5 or 85 per 100,000 results, a factor of approxima¬ 
tely three higher than the estimate obtained by using the Repace and 
Lowrey model. 
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Stctlon Z.O 

SENSITIVITY OF THE MOOIFIEO AAMITAGE AND DOLL MODEL 

The preceedlng dtjcusslon demonatrates that cancer rljk estimates 
developed usina the Modified Anmltage and Doll Model {based on multistage 
theory and data on spousal smoking studies) do not differ greatly from 
cancer risk estimates developed using the Phenomenological Model (based on 
data on lung cancer Incidence In Seventh Day Adventists}* However, it Is 
still of Interest to determine how differing assumptions regarding the 
actual choice of model parameters might affect risk estimates. For this 
reason, the analyses presented in Figure A-i were performed to demonstrate 
that alteration of model assumptions does not significantly alter the out¬ 
come. The calculations providing the results In Figure A-l were based on 
two scenarios representing extreme circumstances: exposures connencing at 
age 5 or age 30, and continuing for 40 years. Each scenario was examined 
assuming three different multistage models. In two models, ETS was 
assumed to be an Initiator; 1n one of these two models, the number of 
stages (K) was taken to be 4 and latency (4) was taken as 5 years; In the 
other of these two models, K was taken as 5 and i was taken as 10. In the 
third model, ETS was assumed to be a penultimate stage carcinogen 
(promoter); K was taken as 5, and 6 was taken as 10. 

As Illustrated by Day and Brown (1980), Initiators and promoters 
can have very different implications for cancer risk, especially when the 
age at first exposure varies dranatically. This observation Is borne out 
for the case of exposure starting at age 5 If ETS is assuned to be e pro¬ 
moter. Here, If the duration of exposure Is short, risk Is markedly tower 
than for the other models. Similarly, the highest risk for an Initiator 
1S attained by assuning a five-stage model in which exposure cammences In 
childhood. However, for exposure In an adult, risk varies relatively 
little with Changes In assiinptlons. The reason for this invariance 1$ 
that, If one accepts the spousal smoking studies as valid, assessing risk 
to airliner passengers and cabin crew members Involves little extrapola¬ 
tion. If risks 1n the wives of smoking husbands are really known, expo- 
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LIFETIME CANCER RISK 
(DEATHS PER 100,000) 



FIGURE A-1. CANCER RISKS USING FOUR- AND FIVE-STAGE RISK MODELS. 
S-NUMBER OF STAGES; L-LATENCY OF 5 OR 10 YEARS; 

I«ETS INITIATOR; P-ETS PROMOTER; AGE.AGE AT FIRST 
EXPOSURE 
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sures aboard airliners are not so different that any reasonable modelin 9 
approach would be expected to give greatly different risks. It follows 
that the approach of the Phenomenological Node! involves little extrapola¬ 
tion and presents similar results to the Modified Armttage and Doll Model 
because the risks estimated from spousal smoking studies and the risks 
estimated from Seventh Day Adventists arc similar. 

As a further check on model robustness, the spousal smoking data 
used to parameterize the Modified Annitage and Doll Model and the Seventh 
Day Adventist data in the Phenomenological Model were used to estimate the 
c parameter given in iguatlons 2 through 7 In Section 1 of this appendix. 
The model parametcrizatlons art sixnnarlzed In Table A-2. While the model 
parameterlzatlens differ, the c values are Identical. In risk terms, this 
means that regardless of the data used to parameterize the Modified 
Annitage and Doll Model or the particular risk scenario considered, the 
risks are the same. This exercise further demonstrates that the small 
differences seen between the Phenomenological and Modified Armitage and 
Doll Models are attributable to the models themselves, not to the 
underlying data. 

It 15 difficult to Identify other factors that would greatly 
affect the risk estimates provided by the Modified Armitage and Doll 
Model. One could postulate some pervasive, but unknown, source of bias In 
spousal smoking studies which generates apparent effects where they do not 
In fact exist; or one could also suggest other factors which give a bias 
of similar magnitude in Seventh Day Adventists. However, such explana¬ 
tions are hardly warranted. One could also suggest that the exposures 
assumed an much too low (and thus Inflate risk), but in both the 
Phenomenological and the Modified Armitage and Doll Models, the asstxned 
exposures art more likely to be slightly too high than much too low and 
art, in any case, supported by the available literature (National Research 
Council 198S). For these reasons, the risks as calculated ere unlikely 
to be high or low by more than a factor of three, and are more likely to 
understate risk slightly than they are to overstate risk greatly. 
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TABLE A-2. HODEL PARAMETERIZATION5 USED IM THE AMALrSES 
OF MODEL ROBUSTNESS 



Seventh Day Adventist 
Data Used in the 
Phenomenological Model 

Spousal Smoking Data 
Used In the Modified 
Armltage and Dolt Model 

Deaths per 100,000 

300 

174 

Age at first exposure 

20 

22 

Duration (years) 

45 

35 

Intake (mg/day) 

1.43 

0.77 

Multistage coefficient (c) 

2.68 X 10-11 

2-76 X 10-11 
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APPENDIX B 


INCREMENTAL RISKS OF PREMATURE LUNG CANCER DEATH AMONG 
NONSMOKERS FROM EXPOSURE TO RESPIRABLE SUSPENDED PARTICULATE, 
A5CR1BABLE TO ENVIRONMENTAL TOBACCO SMOKE ON SMOKING FLIGHTS 
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TABLE B-1. INCREMENTAL RISK OF PREMATURE LUNG CANCER DEATH AMONG 
NONSMOKING CABIN CREW MEMBERS FROM EXPOSURE TO RSP, 
ASCRIBABLE TO ETS ON SMOKING FLIGHTS. 

RISKS APE BASED ON THE MODIFIED APMITAGE AND DOLL MODEL. 


Age at 

Start 

Years 

Flown 

Risk In Lifetime Deaths 
per 100,000 Exposed 

Hours Flown per Year 

300 600 900 



Domestic FIlahts 


IS 

10 

7.7555 

15.511 

23.267 

15 

20 

11.313 

22.626 

33.939 

15 

30 

12.708 

25.417 

38.125 

15 

40 

13.146 

26.293 

39.439 

25 

10 

3.5574 

7.1148 

10.672 

25 

20 

4.9528 

9.9055 

14.858 

25 

30 

5.3908 

10.782 

16.173 

25 

40 

5.4894 

10,979 

15.468 

35 

10 

1.3954 

2.7907 

4.1861 

35 

20 

1.8334 

3.6669 

5.5003 

35 

30 

1.9319 

3.8639 

5.7958 

35 

40 

1.9449 

3.8898 

5.8347 



International Flights 


15 

10 

8.6595 

17.319 

25.979 

IS 

20 

12.632 

25.263 

37.895 

15 

30 

14.190 

28.379 

42.569 

15 

40 

14.679 

29.358 

44.036 

25 

10 

3.9721 

7.9441 

11.916 

25 

20 

5.5301 

11.060 

16.590 

25 

30 

6.0192 

12.036 

18.058 

25 

40 

6.1292 

12.256 

18.388 

35 

10 

1.5580 

3.1160 

4.6740 

35 

20 

2.0472 

4.0943 

6.1415 

35 

30 

2.1571 

4.3143 

6.4714 

35 

40 

2.1716 

4.3432 

6.5148 
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TABLE B-2. INCREMENTAL RISK OF PREMATURE LUNG CANCER DEATH AMONG 
NONSMOKING PASSENGERS FROM EXPOSURE TO RSP, ASCRIBABLE 
TO ETS ON SMOKING FLIGHTS. 

RISKS ARE BASED ON THE MODIFIED ARMITAGE AND DOLL MODEL. 


Age at 
Start 

Tears 

Flown 


Risk In Lifetime Deaths 
Per 100,000 Exposed 


45 

Hours Flown 
100 

Per Year 

450 

900 



Domestic Flights 



5 

10 

0.2081 

0.4624 

2.0808 

4.1617 

5 

20 

0.3151 

0.7003 

3.1514 

6.3028 

5 

30 

0.3642 

0.8094 

3.6424 

7.2849 

5 

40 

0.3835 

0.8522 

3.8350 

7.6701 

15 

10 

0.1071 

0.2379 

1.070S 

2.1411 

15 

20 

0.1562 

0.3470 

1.5616 

3.1232 

15 

30 

0.1754 

0.3898 

1.7542 

3.5084 

15 

40 

0.1815 

0.4033 

1,8147 

3.6294 

25 

10 

0.0491 

0.1091 

0,4911 

0.9821 

25 

20 

0.0684 

0.1519 

0.6837 

1.3673 

25 

30 

Q.0744 

0.1654 

0.7441 

1.4883 

2S 

40 

0.0758 

0.1604 

0.7577 

1.5155 

35 

10 

0.0193 

0.0428 

0.1926 

0.3852 

35 

20 

0.0253 

0.0562 

0.2531 

0.5062 

35 

30 

0.0267 

0.0593 

0.2667 

0.5334 

35 

40 

0.0268 

0,0597 

0.2685 

0.5369 



International Flights 



5 

10 

0.1526 

0.3391 

1.5259 

3.0519 

5 

20 

0.2311 

0.5136 

2.3110 

4.6220 

5 

30 

0.2671 

0.5936 

2.6711 

5.3422 

5 

40 

0.2812 

Q.6250 

2.6124 

5.6247 

15 

10 

0.0785 

0.1745 

0.78S1 

1.5701 

15 

20 

0.1145 

0.2545 

1.1452 

2.2904 

15 

30 

0.1286 

0.2859 

1.2864 

2.5728 

15 

40 

0.1331 

0.2957 

1.3308 

2.6615 

25 

10 

0.0360 

o.oaoo 

0.3601 

0.7202 

25 

20 

0.0501 

0.1114 

0.5014 

1.0027 

25 

30 

0.0546 

0.1213 

0.5457 

1.0914 

25 

40 

0.0556 

0.1235 

0.5557 

1.1113 

35 

10 

0.0141 

0.0314 

0.I41Z 

0.2625 

35 

20 

0.0186 

0.0412 

0.1856 

0.37f2 

35 

30 

0.0196 

0.0435 

0.1956 

0.3911 

35 

40 

0,0197 

0.0438 

0.1969 

0.3938 
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TABLE B-3. INCREMENTAL RISK OF PREMATURE LUNG CANCER DEATH AMONG 
NONSHOKERS FROM EXPOSURE TO RSP, ASCRIBABLE TO ETS ON 
SMOKING FLIGHTS. 

RISKS ARE BASED ON THE PHENOMENOLOGICAL MODEL. 


Years 

Flown 

Risk 

In Lifetime Deaths per 

100,000 Exposed 

300 

Cabin Crew Members 
Hours Flown Per Year 
600 

900 




Domestic Flights 


10 

2. 

0096 

4.0192 

6.0288 

20 

4.0192 

8.0384 

12.058 

30 

6. 

0300 

12.060 

18.090 

40 

6 . 

0400 

16,080 

24,120 



International Flights 


10 

2. 

2438 

4.4877 

6.7315 

20 

4, 

4877 

8.9753 

13.460 

30 

6 . 

7320 

13.464 

20.196 

40 

8. 

9760 

17.952 

26.928 




Passengers 





Hours Flown Per Year 



45 


100 450 

900 




Domestic Flights 


10 

0.0277 


0.0616 0.2774 

0.5546 

20 

0.0555 


0.1233 0.5548 

1.1096 

30 

0.0832 


0.1850 0.8323 

1.6645 

40 

0.1110 


0.2466 1.1097 

2.2194 



International Flights 


10 

0.0203 


0.0452 0.2034 

0.4068 

20 

0.0407 


0.0904 0.4068 

0.8137 

30 

0.0610 


0.1356 0.6103 

1.2205 

40 

0.0814 


O.lBOa 0.6137 

1.6274 
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Figure 3. Risk assessment 
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